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Abstract

Adiponectin is an anti-inflammatory and insulin-sensitising hormone produced by adipose
tissue that regulates lymphocyte migration across the endothelium through the PEPITEM pathway.
Impaired bioactivity of the PEPITEM pathway, due to decreased expression of adiponectin receptor 1
(AdipoR1) and AdipoR2 on B cells, has been reported in elderly and TIDM. However, the modulation
of this pathway is unknown in T2DM and obesity.

Here, we first characterised the role of CDH13 (Cadherin-13), in regulating anti-inflammatory
effects of adiponectin focusing on PEPITEM pathway. We showed that adiponectin strongly inhibited
lymphocyte migration either by action on the lymphocytes (previously published) or directly on
endothelium. We found that CDH13 and AdipoR1/R2 were expressed by endothelial cells and
individual knock down of these receptors was sufficient to dampen the endothelial response and
abrogated the inhibitory effects of adiponectin on lymphocyte transmigration.

To investigate the effects of hyperglycemia on leukocyte-endothelium interaction in vitro,
either blood endothelial cells (BEC) or lymphocytes were exposed to high concentration of glucose
(HG). HG treatment of BEC reduced the ability of endothelial cells to support lymphocyte
transmigration, which was restored by insulin and metformin supplementation. In contrast, HG
treatment of lymphocytes increased their adhesion and transmigration across the endothelium,
suggesting activation of lymphocytes by HG treatment. Since, the expression of AdipoR1/R2 on B
cells remained unchanged following HG treatment, modulation of these receptors is not a suggested
mechanism for HG effects.

Given that circulating levels of adiponectin are significantly decreased in patients with obesity
and T2DM, there is a distinct possibility that these individuals are unable to generate sufficient
PEPITEM and therefore would benefit from replacement therapy. Using obesogenic-dietary preclinical
models, we investigated the efficacy of PEPITEM to limit pancreatic islet damage and its ability to
modulate systemic leukocyte trafficking. PEPITEM reduced the expansion of pancreatic islets size and
limited T cells recruitment in visceral adipose tissue both prophylactically and therapeutically. In
particular, therapeutic administration of PEPITEM increased the number of lymphocytes in secondary
lymphatic organs, suggesting PEPITEM has the capacity to control lymphocyte egress from secondary
lymphoid organs.

Our observations highlight a crucial role of CDH13 in functionality of PEPITEM pathway and
indicate that HG differentially affects the endothelium and lymphocyte behaviour to support the

lymphocyte recruitment. Our in vivo results, underline the importance of PEPITEM in the control of



lymphocyte transmigration during obesity-induced inflammation and offers a potential therapeutic role

for PEPITEM to overcome obesity related changes which occur in early stages of disease.
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1. INTRODUCTION

Part of this chapter (Section’s 1.1, 1.3 and 1.6) is based on Pezhman et al, 2021 see Appendix



1.1 Anoverview of the research

This thesis explores how hyperglycemia and obesity modulates the PEPITEM pathway and
trafficking of leukocyte in different vascular bed. The following introductory chapter will
encompass the biology of the immune system and the trafficking of innate and adaptive immune
cells in health and obesity induced Type 2 Diabetes Mellitus (T2DM). We particularly highlight
the obesity-related accumulation of leukocytes in the adipose tissue leading to insulin resistance
and beta cell dysfunction and resulting in hyperglycemia and consequent changes of adhesion and
migratory behavior of leukocytes in different vascular beds. Subsequently we discuss how
potential therapeutic targeting of leukocyte trafficking could be an efficient way to control

inflammation, as well as diabetes and its vascular complications.

1.2 An overview of the immune system

The immune system is a complex network of cells and proteins that is distributed throughout
the entire human body and defends the body against pathogens (Sorice et al., 2014). This system
is compromised in various types of diseases related to the immune system and chronic
inflammatory disease (Sorice et al., 2014). Therefore, understanding of its biological structures
provides various predictions for disease causes and treatments.

The immune system is composed of leukocytes, tissues, and organs, lymphatic circulation
as well as the blood vascular system (Rehfeld et al., 2017). The immune system can distinguish
pathogens from our own cells and enables us to respond to threats and eliminate or neutralise
pathogens (bacteria, viruses, parasites), molecules (bacterial proteins and toxins) and own
abnormal cells (Kindt et al., 2007). The lymphatic vessels carry fluid called lymph, which is

formed when the plasma escapes into intercellular spaces in the tissues under blood pressure, and



drains into lymphatic vessels and finally returns to the blood (Olszewski, 2003). The lymphoid
organs are connected via extensive network of blood vessels as well as lymphatic vessels
(Olszewski, 2003). The lymphatic organs are composed of primary lymphoid organs (e.g., thymus,
bone marrow) and secondary lymphoid organs (SLO), including spleen, lymph nodes (LNSs),
tonsils (Rehfeld et al., 2017). The leukocytes are created and matured in primary lymphoid organs
and are activated in SLO (Rehfeld et al., 2017). SLO are essential for the initiation of adaptive

immunity as explained in below section (Grasso et al., 2021)

1.2.1 Innate and adaptive immunity

The immune system can be divided into innate and adaptive immune system (lwasaki and
Medzhitov, 2010). The main differences between innate and adaptive immune cells, the marker
they express, and their duties are summarised in Table 1.1. The innate immune system includes
macrophages, monocytes, dendritic cells (DCs), neutrophils, eosinophils, and basophils and
provides an immediate defense in response to an insult (Stogerer and Stéger, 2020). Macrophages
and neutrophils response to invading pathogens by phagocytosis of microbes and/or release of both
pro-inflammatory and antimicrobial mediators and are crucial to handle the common bacterial
infections (Stogerer and Stéger, 2020). However, due to less specificity they cannot always fully
recognise and eliminate the infectious organisms (Stogerer and Stager, 2020). Dendritic cells
function as a link between innate and adaptive immunity by presenting antigens to lymphocytes in

SLO and mediating T cells polarization into effector cells.

The adaptive immune system responds to stimuli slower, however, more effectively and

specifically compared to the innate immune system (Cooper and Alder, 2006). B cells and T cells



play a central role in adaptive immunity (Cooper and Alder, 2006). Upon maturation in thymus, T
cells express the T cell receptor cluster of differentiation 3 (CD3), and either the co-receptor cluster
of differentiation 4 (CD4) or cluster of differentiation 8 (CD8) (Owen et al., 2007). They enter into
circulation as naive T cells (CD62L*, CD44"), which are not strong enough to respond to antigen,
but are able to enter to SLO from the bloodstream (Saravia et al., 2019), where their activation
happens through recognising antigens presented by Antigen Presenting Cells (APCs) which are
transported to SLO through afferent lymph (Jensen, 2007). Following activation, T cells
differentiate into central memory (CM, CD62L", CD44") and effector cells (EM, CD62L", CD44")
(Ley and Kansas,2004). Regulatory T cells (T reg) are another subset of T cells that express the
surface marker CD4 CD25 (Sakaguchi et al., 1995), but a more specifically transcription factor
forkhead box P3 (FoxP3), (Hori et al.,2003), which have immunosuppressive functions and are

important in maintaining immune homeostasis of an organism in inflammation (Li et al., 2020)

B cells play a fundamental role in adaptive immunity, by producing antibody and serving as
APCs (Crotty, 2015). Activation of B cells happens at SLO when the B cell binds to an antigen
(Yuseff et al., 2013) which results in B cells proliferation, differentiation and production of

antibodies (Crotty, 2015) CD19, is the earliest and most specific markers of B cells (Crotty, 2015).

Overall, when the immune system recognises antigens attacks them by inducing an immune
response which develops inflammation. Understanding the mechanisms of inflammation would

allow us to identify the key steps and manipulate them to control diseases.



Table 1.1 Innate vs adaptive immune cells and the markers they express.

Innate (non-specific)

Adaptive (specific)

Line of First Second
Defense
Timeline Immediate response Long term (>96 hours)
(0 -96 hours)
Cell subsets Natural killer cells (H: CD56") | T cells: (CD3") (CD4") Naive: (CD62L"*, CD44")
Macrophages CM: (CD62L*, CD44")
(H:CD14%), (M:F4/80%) EM: (CD62L*, CD44")
Neutrophils (M:LY6G") T reg: CD4* CD25*
dendritic cells (M:CD11C*)
Mast cells .
Basophils (CD8%) Naive: (CD62L*, CD44")
Eosinophils (M:SIGLEC F*) CM: (CD62L", CD44')
EM: (CD62L*, CD44")
B cells: (CD19%)
Age associated B cells: (CD19*CD93/CD43'CD23CD21)
Antigen Independent Dependant
Dependency
Soluble Cytokines, complement, Cytokines, antibodies
factors Acute phase proteins

H:Human, M:Mouse




1.3 Leukocytes trafficking in acute inflammation

Inflammation is a protective response against harmful stimuli such as injuries, infections,
and toxins, which requires the trafficking of leukocytes from the blood stream to the site of
inflammation within damaged tissues (Wright and Cooper, 2014). This process is similar for all
leukocyte subsets described above, and critical for elimination of harmful stimuli and for tissue
repair. It is tightly regulated by a variety of mediators such as cell adhesion molecules (CAMs),

cytokines and chemokines (Wright and Cooper, 2014).

Recruitment of leukocytes is triggered by the local release of inflammatory mediators such
as histamine, tumor necrose factor alpha (TNF-a)) and interferon gamma (IFN-y) in inflamed tissue
(Liu et al., 2004; Zhang et al., 2011; Muller, 2013). These mediators induce the expression of
specific adhesion molecules, and chemokines, which are expressed or presented at the surface of
endothelial cells and bind to integrins or chemokine receptors located at the surface of leukocytes
(Zhang et al., 2011) Adhesion molecules interaction with their ligands on leukocytes results in their
tethering and rolling from rapidly flowing blood (Kansas, 1996; Harjunpaa et al., 2019). Selectins are
transmembrane calcium-dependent lectins that consist of three functionally different adhesion
molecules expressed by endothelial cells (E-selectin), platelets and endothelial cells (P-selectin)
and leukocytes (L-selectin), (McEver, 2015). L-selectin and P-selectin mediate fast rolling of
leukocytes through sequential interactions with their ligands. However, slow rolling events are
mediated by E-selectin on endothelial cells binding to E-selectin ligand-1 (ESL-1) or P-selectin

glycoprotein ligand 1 (PSGL-1) on leukocytes (Yago et al., 2010).

Leukocyte arrest and migration on the endothelium depends on chemokines (Luu et al., 2000).

The shift from fast rolling to slow rolling allows G-protein-coupled receptors (GPCRs) on



leukocytes to bind to the chemokines expressed on the surface of endothelial cells, which induces
leukocyte integrin activation and enables leukocyte firm adhesion to the vessel wall (Giagulli et al.,

2004; Rutledge and Muller, 2020).

Integrins are a family of transmembrane receptors expressed by leukocytes. Both VLA-4
(very late antigen 4,® a4p1-integrin, CD49d/CD29) and lymphocyte function-associated antigen-1
(LFA-1) integrins have been found to play a role in leukocyte arrest (Uotila et al., 2014). VLA-4
and LFA-1 are expressed on leukocytes at a resting low affinity state (Uotila et al., 2014).
Conformational changes are required for integrins to switch from a low affinity state to an active
high affinity state enabling them to bind to their ligands expressed on the endothelium (Kim et al.,
2003; Ley et al., 2007; Fan and Ley, 2015). The activation of integrins is mediated by chemokines
and results in integrin extension and changes in the cytoskeleton of leukocytes, enabling tight
adhesion on the vessel wall (Rutledge and Muller, 2020). LFA-1 and VLA-4 on leukocytes binding
to their respective ligand intercellular adhesion molecule 1 (ICAM-1) and vascular adhesion
molecule 1 (VCAM-1) on endothelial cells to mediate leukocyte firm adhesion (Hyduk et al., 2007;
Kuwano et al., 2010), and induces intracellular signals to allow leukocyte arrest (Giagulli et al., 2006;
Kummer and Ebnet, 2018). Leukocytes then extend lamellipodia and prepare for trans endothelial
migration (Rutledge and Muller, 2020).Additional downstream signals, such as prostaglandin- D2
(PGD2) signals, are required for shape change and dynamic transmigration of activated leukocytes
(Ahmed et al., 2011). LFA-1 interaction with ICAM-1 expressed by the inflamed endothelium is
required for the transition of leukocytes from tight adhesion to crawling along the vessel wall
(leukocyte locomotion) to then find a suitable site for trans endothelial migration (Schenkel et al.,

2004).



Leukocytes either transmigrate (diapedesis) through the endothelial junctions (paracellular
route), or through the body of the endothelial cells (transcellular route) (Ley et al., 2007). The most
common of these ways is paracellular migration, where leukocytes migrate between gaps in cells
via tight junctions and use endothelial cell adhesion molecules such as PECAM-1, junctional
adhesion molecules (JAMs) and vascular endothelial (VE)-cadherin (Ley, 2007; Muller, 2011). The
less common way, is transcellular migration (Carman and Springer, 2004), is where leukocytes
migrate directly through the endothelial cells via formation of vesiculovacuolar organelles,
creating intracellular endothelial cell channels (Dvorak and Feng, 2001). To reach inflamed tissues,
leukocytes need to migrate through the basement membrane (Mutgan et al., 2020). Finally,
following a successful diapedesis, leukocytes utilize a chemokine gradient to migrate toward the

site of infection upon their entry into inflamed tissues (Ley et al., 2007).

1.4 Chronic inflammation

Persistent acute inflammation which is not resolved can result in chronic inflammation
(Luster et al., 2005). Chronic inflammation is accompanied by excessive trafficking of leukocytes
into the site of inflammation and release of local inflammatory mediators that continuously recruit
the leukocytes and activate them (Luster et al., 2005). This process can lead to tissue damage and
subsequent development of a variety of chronic inflammatory diseases such as type 1 diabetes
(T1DM) and, rheumatoid arthirits (RA) (Luster et al., 2005). The etiology of chronic inflammation
is not fully understood. However the imbalance between pro-inflammatory and anti-inflammatory
processes is speculated to be the most important mechanism involved in progression of chronic

inflammation (Kubo and Motomura, 2012). T2DM is identified as a chronic inflammatory disease,



in which homeostasis of glucose is dysregulated as result of persistent inflammation. Therefore,
the section 1.5 will focus on pathophysiology of diabetes, and dysregulation of glucose levels in

T2DM.

1.5 Diabetes

Diabetes or diabetes mellitus is a chronic metabolic disease which is characterised by
hyperglycemia resulting from either impaired insulin production, or decreased sensitivity of cells
to insulin (Leahy, 2005). There are two types of diabetes that correspond to these defects
respectively: insulin dependent (type 1; TIDM), and non-insulin dependent (type 2; T2DM)
diabetes. Some T2DM subjects may also develop inadequate production of insulin, as seen in

T1DM patients, as their disease progresses (Bluestone et al., 2010).

In 2017, nearly 462 million subjects were identified with T2DM, which is predicted to
increase to 7079 individuals per 100,000 by 2030 (Oguntibeju, 2019), indicating a global increase.
Most cases of T2DM are diagnosed over the age of 40 years old (Leahy, 2005). The chances of
developing T2DM depends on a combination of risk factors, including the genes and lifestyle
(Herder and Roden, 2011). T2DM is more likely to develop in obese individuals with sedentary
life style, aged over 45, have a family history of diabetes or are of African American descent
(Melmed et al., 2015). Although the risk factors such as age or family history are not controllable,

lifestyle risk factors such as diet and physical activity are manageable (Melmed et al., 2015).



1.5.1 Glucose transport

Glucose is a simple carbohydrate with the molecular formula of CsH1206 (Shendurse and
Khedkar, 2016). Glucose is the main source of energy in body and is stored as glycogen in animals
(Brown and Ransom, 2007) d-glucose is natural and metabolically active occurring form of
glucose, while I-glucose is an organic isoform and can be synthesised in laboratory and is of lesser

importance (Zhang et al., 2021).

Glucose is a big sugar and is not able to enter the cell, thus requires a specific transporter
(Hall and Hall, 2020). Glucose either enter the cell in a sodium dependent manner via Na+-coupled
glucose transporters, or enter via glucose transporters (GLUT) (Scheepers et al., 2004). GLUTSs
are proteins that facilitate a bidirectional glucose transport through the plasma membrane based
on concentration gradient of glucose without consuming energy (Garde et al., 2022). There are 14
isoforms of GLUTs in human (GLUT-1 to GLUT-14). However, GLUT-1-4 are the most
important in glucose control (Adekola et al., 2012). While GLUT 1-3 function independently to
insulin (Hall and Hall, 2020) function, expression also localization of GLUT-4 is exclusively
insulin dependent (Moraes-Vieira et al., 2016). GLUT-4 is mainly expressed on insulin target
tissues such as adipose tissue, cardiomyocytes, and skeletal muscle cells and is able to translocate
to cell membrane in response to insulin and facilitate the glucose uptake (Huang and Czech, 2007).
A kinase is attached to GLUT-4 and phosphorylates the glucose to make Glucose-6-phosphate
(G6P) in response to insulin (Salani et al., 2013). G6P does not bind to GLUT, thus trapped within
the cell (Salani et al., 2013). Therefore GLUT-4 plays a crucial role in glucose homeostasis by

facilitating the glucose uptake from blood (Huang and Czech, 2007).
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1.5.2 Insulin synthesis

Insulin is a 51 amino acid-protein hormone, which is secreted by pancreatic beta cells in
response to nutrient stimuli such as glucose and amino acids, normalising them to physiologic

levels (Campbell and Newgard, 2021).

Insulin is composed of a and § chain and three 3 disulfide bridges (Jstergaard et al., 2020)
and belongs to a family of peptide hormones with high degree of structural similarity that includes
relaxin, insulin-like growth factors (IGF) I and Il, and other insulin-like peptides (Lamson et al.,
1991) Insulin is produced as preproinsulin and is then cleaved to proinsulin and stored in secretory
granules (Liu et al., 2014). Mature insulin is generated from proinsulin by proteases that reside in
the same storage vesicles and is released from storage vesicles into circulation via exocytosis (Liu

etal., 2014).

1.5.3 Insulin release

As illustrated in Figure 1.1, elevated plasma glucose stimulates the insulin secretion by a
sequence of events in beta cells (Arora et al., 2021). Indeed, glucose is rapidly phosphorylated to
G6P by glucokinase activity after entering into the beta cells via GLUT-2 (Rutter et al., 2015).
G6P increase the ATP levels in beta cells which induce ATP-sensitive K channels to shut down
and depolarization of cell membrane and subsequent opening of the voltage-gated Ca2+ channels
(Rutter et al., 2015). Increased cytosolic calcium levels stimulates the insulin exocytosis from beta

cells into the blood circulation (Arora et al., 2021). Insulin remains in circulation for 5 to 8 minutes

11



(Koeppen and Stanton, 2017) and exerts its effects through mediating the glucose disposal into

target tissues (Zierath et al., 2000)

1.5.4 Insulin signaling

As shown in Figure 1.2-A, the insulin receptor (IR) comprises two a and two B subunits, forming
an 022 heterotetramer (Hubbard, 2013).The two o subunits are extracellular, whereas the two 3
subunits begin on the extracellular side of the membrane and then traverse the membrane into the
cytoplasmic region (Hubbard, 2013). The B subunits contain the cytoplasmic tyrosine kinase
domains. A single molecule of insulin binds asymmetrically to the ectodomain, triggering a
conformational change that is transmitted to the cytoplasmic kinase domains, which activates the
tyrosine kinase (Tyr-K) domain by facilitating tyrosine phosphorylation in the juxtamembrane
region of IR (Y1158, Y1162, and Y1163 residues), which in turn creates recruitment sites for
insulin receptor substrate (IRS) family of proteins (1.2-B), (Hubbard, 2013). Phosphorylated IRS
activates numerous signalling partners such as phosphoinositide 3-kinase (P13K), protein kinase B
(PKB or AKT) and phosphoinositide-dependent kinase-1 (PDK-1) (Hall and Hall, 2020). The
signaling processes enable translocation of GLUT4 to the cell surface, where it contributes to
glucose uptake particularly into in muscle and fat cells (Koeppen and Stanton, 2017; Hall and Hall,
2020). Following entry, the glucose is either processed for energy or cell growth (Koeppen and

Stanton, 2017).

1.5.5 Insulin Resistance
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Insulin resistance occurs when insulin-target cells, such as skeletal muscle and fat, fail to
properly respond to physiologic levels of insulin (Yaribeygi et al., 2019).Thereby, the cells cannot
take up glucose and hyperglycemia arises. Insulin resistance is a main pathologic feature of
metabolic disorders, such as T2DM and obesity and since many enzymes and mediators are
involved in insulin signal transduction, any change in function or expression of these factors may
influence the normal insulin signaling leading to insulin resistance in target tissues (Wondmkun,

2020).

Insulin resistance in T2DM is explained by several different hypothesised mechanisms,

mostly at the cellular level through post-receptor defects in insulin signaling as discussed below.

1.5.5.1 Inflammatory mediators

Inflammatory mediators such as obesity-induced cytokines, IL-6, TNF-o, and IL-1, are
associated with insulin resistance (Zand et al., 2017). In particular, TNF-a. is upregulated in obesity
and impairs insulin signaling by reducing GLUT-4 expression, thus affecting the glucose uptake

resulting in hyperglycemia (Peraldi and Spiegelman, 1998).

It has also been shown that prolonged, but not acute, treatment of 3T3-L1 adipocytes with
interleukin-1 beta (IL-1p) slightly decreased the gene expression of Glut-4 and strongly suppressed
its translocation to the cell surface in response to insulin. This effect was attributed to ability of
IL-1B to reduce the gene expression of IRS in 3T3-L1 adipocytes, demonstrating that IL-1 can
modulate the insulin signaling at post-receptor levels (Jager et al., 2007). Later, Stienstra R et al,

showed that IL-1B strongly reduced the expression of the insulin sensitivity genes, such as
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peroxisome proliferator-activated receptor (PPARY), adiponectin and most importantly the GLUT-
4, both in adipose tissue of diet-induced and genetically induced obese animal models (Stienstra
et al., 2010) This fact was also reported by Gao et al, where they found reduced gene and protein
expression of GLUT-4 and other genes involved in glucose metabolism and insulin signaling, such
as PPARa and IRS-1, in human macrophage-conditioned medium adipocytes treated with IL-1,
and this was reversed by blocking IL-1p activity using a neutralizing antibody (Gao et al., 2014),
suggesting IL-1p blocker as a beneficial candidate to prevent the obesity-associated insulin

resistance and inflammation in human adipose tissue.

1.5.5.2 Oxidative stress

Oxidative stress is defined by excess endogenous oxidative species, such as reactive
oxygen species (ROS), which are produced at low physiological levels mostly in the mitochondria
(Schieber and Chandel, 2014). However, they are increased in many chronic diseases and in T2DM
(Hurrle and Hsu, 2017). Indeed, in conditions like hyperglycemia and hyperinsulinemia, which
exist in T2DM, the ROS production is increased by malfunctioning mitochondria (Campa et al.,
2015). This in turn signals the trans-Golgi network downstream, and instead of the plasma
membrane, GLUT-4 is translocated into lysosomes for degradation; thus results in elevated
glucose levels via decreased glucose uptake by insulin responding cell (Ma et al., 2014).
Furthermore, this mitochondrial dysfunction appears to be effected by free fatty acids, which are
abundant in obesity (Boucher et al., 2014). In fact, a study done in adipocytes showed that when
these cells were exposed to either high glucose (HG) or free fatty acids levels the endogenous

mitochondrial ROS production increased in them, which altered the insulin transduction pathway
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by upregulating the p38 MAPK expression and downregulating the IRS-1 and Akt (Boucher et al.,
2014). This pathway switch reduce the translocation of GLUT-4 to cell membrane and resulting
in impaired glucose control (Boucher et al., 2014). Indeed, increased mitochondrial ROS
production was shown to be associated with increase in Ser307 phosphorylation of IRS-1 and
decrease in insulin-stimulated tyrosine phosphorylation of IRS-1, all of which are believed to be

the molecular basis of insulin resistance (Nishikawa et al., 2007)

. Taken together, these studies suggest the importance of oxidative stress in
pathophysiology of obesity and T2DM, and the potential of antioxidants as treatments to improve

the metabolic dysfunction.

1.5.5.3 Deficiencies of phosphorylation

As discussed in section 1.5.4 binding of insulin to its receptor activates the intrinsic
tyrosine kinase activity of the receptor, which phosphorylates Tyr residues of target proteins such
as the IRS (Boura-Halfon and Zick, 2009). Decreased phosphorylation of IRS and IR in response
to insulin has been reported in skeletal muscle of obese subjects and patients with T2DM and was
associated with impaired insulin-stimulated glucose uptake in these individuals (Goodyear et al.,
1995; Pratipanawatr et al., 2001) Furthermore, reduced phosphorylation of Akt, a key regulator of
GLUT-4 translocation was also shown in adipocytes of T2DM patients compared to healthy
individuals (Smith et al., 1999). The IR and the IRS proteins are targets for feedback control
mechanisms with phosphorylation of IRS proteins on Ser residues being a key step in these
feedback control processes. Many of the insulin-stimulated Ser/Thr kinases that are downstream

effectors of IRS proteins serve as negative modulator of IRS proteins function. Interestingly, it is
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becoming apparent that inducers of insulin resistance such as TNF-o, FFA, and cellular stress
make use of similar mechanisms by activating a set of IRS kinases that phosphorylate the IRS

proteins and inhibit their function (Boura-Halfon and Zick, 2009)

In response to insulin resistance, pancreatic islets initially increase their cell mass and
insulin secretion, but this is unable to fully compensate the situation, resulting in development of
T2DM (Kahn et al., 2006) and its common chronic vascular complications, including diabetic
nephropathy, neuropathy, and retinopathy (Fowler, 2008). Therefore, understanding the

mechanisms involved in insulin resistance can lead the development of new therapeutic agents.
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Figure 1.1 Mechanism of insulin secretion from beta cells of pancreas. Glucose entering the beta cells
via GLUT-2 stimulates the insulin secretion. Once entered, glucose is phosphorylated to G6P by
glucokinase activity. G6P enters the glycolysis cycle and increase the ATP levels in beta cells, which result
in inhibition of the ATP-sensitive K+ channels and consequent depolarization of beta cell membranes. This
opens the voltage-gated Ca2+ channels and increases intracellular calcium levels which induces exocytosis
of storage vesicles containing insulin/proinsulin into circulation. Taken from (Arora et al., 2021).
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Figure 1.1 Insulin signal transduction pathway

A. The o subunits (extracellular) comprise two leucine-rich domains (L1 and L2) with an intervening
cysteine-rich domain (C), one intact fibronectin type Il (Fnlll) domain (F1), a partial Fnlll domain (F2),
and a long insert domain (ID) that contains the site of furin cleavage (L1-C-L2-F1-F2-ID). The B subunits
(extracellular and cytoplasmic) contain the completion of the second Fnlll domain (F2), followed by an
intact Fnlll domain (F3), a transmembrane helix, and a cytoplasmic tyrosine kinase domain (N and C lobes).
The major sites of tyrosine autophosphorylation in the cytoplasmic domain are indicated (Y1158, Y1162,
and Y1163). B-1. The insulin receptor (colored blue) binds insulin (colored red) and (2) activate the tyrosine
kinase catalytic domain positioned within the cell. (3) The tyrosine kinase, in turn, activates various other
proteins such as IRS, PI3K, PDK1 and AKT in a signaling cascade leading to (4) translocation of GLUT4
to the cell surface and (5) subsequent glucose uptake or (6-8) insulin’s various anabolic functions. Taken
from (Hubbard, 2013) and (Siddle 2011).
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1.6 Obesity related changes of immune system in T2DM

Obesity, particularly visceral adiposity, is a major risk factor for T2DM (Donath and
Shoelson, 2011) and the adipose tissue of patients with T2DM and/or obese patients appears to be
a major site of inflammation (Lontchi-Yimagou et al., 2013). Both innate and adaptive immune
cells present in the adipose tissue have critical roles in the regulation of metabolic homeostasis
(Lontchi-Yimagou et al., 2013). Dysregulated trafficking of leukocytes is observed in the adipose
tissue from obese individuals/animals, where there is a shift in subtypes of recruited cells from an
anti-inflammatory to a pro-inflammatory profile in obesity (Esser et al., 2014). This switch to a
production of pro-inflammatory cytokines leads to the development of systemic low-grade
inflammation, which results in impaired insulin signaling, beta cell dysfunction and subsequent
insulin resistance (Esser et al., 2014). Hyperglycemia arises as the pancreas fails to compensate
insulin resistance (Donath and Shoelson, 2011), resulting in oxidative stress and systemic
inflammation through the production of inflammatory cytokines (Noshita et al., 2002; Dimayuga
et al., 2007) and chemokines, cumulating in endothelial dysfunction and vascular complications
(Nguyen et al., 2012) as summarised in Figure 1.3 (Pezhman et al., 2021). Following sections will

more describe the modulation of leukocytes subsets trafficking in concept of obesity and T2DM.

1.6.1 Expression of Adhesion Molecules in T2DM

CAMs are glycoproteins expressed on the surface of various cell types, such as endothelial
cells and leukocytes (Galkina and Ley, 2007). Upon inflammation, vascular endothelial cells

express or up-regulate the expression of CAMs that increase the attachment of leukocytes to the
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endothelium (Cook-Mills et al., 2011). Selectins, ICAM-1 and VCAM-1 are the major CAMs
responsible for leukocyte adhesion (Huo and Ley, 2001). Soluble form of CAMs (SCAMS) in the
circulation indirectly reflects the rate of endothelial expression and activation of CAMs since they
are shed from the surface of endothelial cells and lymphocyte after being activated (Abe et al.,
1998). Elevated expression and activity of CAMs are therefore indicative of inflammation and

endothelial dysfunction (Cook-Mills et al., 2011).

1.6.1.1 Soluble CAMs and selectins

The baseline levels of circulating E-selectin, ICAM-1, and VCAM-1 were found higher in
patients with T2DM compared to healthy controls (Meigs et al., 2004). A study on 150 Japanese
patients with T2DM showed that higher serum concentrations of sSVCAM-1 and sE-selectin were
positively correlated with fasting plasma glucose levels, and negatively correlated with insulin
sensitivity (Matsumoto et al., 2002). Higher levels of circulating CAMs in T2DM are linked to an
increased production of advanced glycosylation end products (AGEs) and oxidative stress
occurring under hyperglycemic conditions (Hadi and Al Suwaidi, 2007). The interaction of AGEs
with the vessel wall components increases the generation of reactive oxygen species, which results
in an increase in the surface expression of adhesion molecules on activated endothelial cells (Wen

et al., 2002; Basta et al., 2004; Farhangkhoee et al., 2006).

Hyperinsulinemia can also directly affect the surface expression of adhesion molecules on
endothelial cells from healthy volunteers and from patients with non-insulin-dependent diabetes

in vitro (Okouchi et al., 2002). Culture of human umbilical endothelial cells (HUVEC) in insulin-
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rich medium (over 50 micro Unit/ml) for 24 hours increased the surface expression of PECAM-1,
but not of ICAM-1, P-selectin or E-selectin (Okouchi et al., 2002).This was clearly associated with
an increase in neutrophil transmigration across the insulin treated HUVEC as the recruitment of
neutrophils isolated from both healthy control and patients with T2DM, were increased through
the endothelium compared to not treated HUVEC; However, this recruitment was greater in
neutrophils isolate from patient with T2DM; suggesting that high insulin conditions promote

vascular injury and therefore T2DM-associated macro- and micro-vascular complications.

However, a recent study on 58 patients with T2DM on insulin therapy and displaying
microvascular complications, found lower levels of serum sICAM-1 in these patients irrespective
of the type of diabetic complication when compared to age-matched healthy controls (Hocaoglu-
Emre et al., 2017). Since the participants with T2DM were also receiving angiotensin-converting
enzyme (ACE)-inhibitor agents, decreased levels of sSICAM-1 might have resulted from the
combination of insulin and ACE-inhibitor therapies. Indeed, both insulin and ACE inhibitors can
individually inhibit CAMs surface expression on endothelial cells, as well as their circulating
levels (Drexler et al., 1995; Aljada et al., 2000). Overall, the conflicting evidence about the levels
of sSCAMs in the circulation suggests that different CAMs may play different roles in the different

stages of vascular complications in T2DM (Hocaoglu-Emre et al., 2017).

1.6.1.2 Surface expression of CAMs on the endothelium

Variations in the expression of adhesion molecules on the vasculature play a role in

microangiopathy in patients with T2DM by enhancing leukocyte adhesion in the vasculature and
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causing capillary obstruction (McLeod et al., 1995). This has been observed in different vascular
beds and is linked to a majority of complications, such as diabetic nephropathy (Gu et al., 2013)
and retinopathy (McLeod et al., 1995). A study on 40 patients with T2DM showed a significant
increase in the expression of ICAM-1 and VCAM-1 on vascular endothelial cells from the
conjunctiva in comparison with conjunctiva from healthy controls (Khalfaoui et al., 2008).
Confocal microscopy imaging of retina vessels in streptozotocin (STZ)-induced hyperglycemic
mice reported increased VCAM-1 protein levels after 8 weeks, and this was synchronized with the
expression of the inflammatory cytokines TNFa, IL-6 and IL-1f in the retina (Gustavsson et al.,
2010). However, not many studies have performed in depth study of leukocyte recruitment in
patients and in mice models to determine how defects in expression of adhesion molecules can

modulate leukocyte trafficking.

1.6.2 Modulation of innate and adaptive immune cells in obesity and T2DM

Nowadays, the pathogenesis of T2DM is considered to be linked to both innate and
adaptive immune factors that are recognised as important etiological components in the
development of insulin resistance (Goldberg, 2009). Although earlier studies focused on the role
of innate immunity (macrophages) as the major cause of chronic low-grade inflammation in

T2DM, the adaptive immune system also plays a role in progression of T2DM (Zhou et al., 2018).
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1.6.2.1 Macrophage/Monocytes

In recent years, it has been reported that macrophages play key roles in the progression of
T2DM (Gordon and Martinez, 2010). Monocytes derived from the bone marrow remain in the
circulatory system for 1-2 days before they migrate into peripheral tissues, where they turn into
fully mature resident macrophages (Martinez-Pomares et al., 2003) with either a M1 pro-
inflammatory or M2 anti-inflammatory phenotype in response to local factors (Mosser, 2003). In
a recent in vivo study, an acute decrease in number of circulating monocytes was synchronized
with a concomitant infiltration of macrophages into visceral adipose tissue at the early stages of
high fat diet (HFD)-induced diabetes, therefore demonstrating dynamic changes in blood
monocyte trafficking in preclinical disease (Liu et al., 2020). Higher levels of F4/80 and CD11c
MRNA expression in adipose tissue of HFD fed mice, representative of a M1 polarization, were
attributed to an elevated gene expression of ICAM-1, VCAM-1, CCL2 and CXCL14 in this tissue,
all of which facilitate macrophage trafficking (Brake et al., 2006; Kawanishi et al., 2010). The
polarization of M1 macrophages was shown to be associated with elevated serum and adipose
tissue levels of IL-6 and TNF-a, higher fasting plasma glucose levels and insulin resistance in
HFD-induced T2DM rats (Shanaki et al., 2020). The long-term impact of diabetes on the function
of macrophages was elicited using a 5-month-old db/db mice model of T2DM and demonstrated
a reduced ability of peritoneal macrophages to polarization toward a M2 phenotype (Liu et al.,
2012). Furthermore, in vitro assessment of db/db peritoneal macrophages highlighted their
decreased capacity to adhere to plastic surfaces, along with a decreased ability to phagocytose
compared to wild-type (wt) peritoneal macrophages (Liu et al., 2012). These observations validate

that diabetes and hyperglycemia is associated with immune cells dysfunction, which can affect
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their migratory behavior and predispose these patients to an increased susceptibility to infections

(Liu etal., 2012).

1.6.2.2 Tcells

Evidence shows that T cells accumulation in adipose tissue of HFD mice happens after
infiltration of B cells and is quickly followed by accumulation of macrophages leading to insulin
resistance (Duffaut et al., 2009). Nishimura et al. (2009) found larger numbers of infiltrated CD8"
effector T cells, along with reduced numbers of CD4* helper and lower number of Tregs in visceral
adipose tissue of HFD fed mice compared to control mice. In these conditions, a majority of CD8*
T cells infiltrate the adipose tissue thereby promoting recruitment and activation of macrophages.
Studies in the lymphocyte deficient RAG2” knockout mice provide strong evidence for the role
of lymphocytes in HFD-mediated adipose tissue inflammation (Duffaut et al., 2009).
Unexpectedly, lymphocyte-deficient animals displayed striking accumulation of macrophages and
NK (NK) cells in the adipose tissue compared to wt mice (Duffaut et al., 2009). This accumulation
of NK cells highlights an overreaction of the innate immunity in absence of the adaptive immune
system. Indeed, NK cells have potent cytotoxic effector functions and produce chemokines and
cytokines that can recruit macrophages (Duffaut et al., 2009). The exaggerated recruitment of
macrophages in lymphocyte-deficient mice demonstrates that early lymphocyte infiltration could
be considered a protective process to decrease adipose tissue inflammation and suggests adipose
tissue as a site of dynamic innate and adaptive immune system during diet-induced obesity and

insulin resistance (Duffaut et al., 2009).
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Furthermore, the depletion of Tregs using diphtheria toxin led to an induction of genes
encoding inflammatory cytokines, such as TNF-a and IL-6, in visceral adipose tissue and enhanced
levels of fasting insulin in C57BL/6 mice (Feuerer et al., 2009). Conversely, increasing the
quantity of Tregs in the adipose tissue, improved insulin resistance and glucose tolerance (Feuerer
et al., 2009). Since the gene expression of IL-10 was increased in the adipose tissue of Tregs—
enriched animals, the metabolic changes observed can be attributed to IL- 10 synthesis by Tregs
in the adipose tissue of these mice (Feuerer et al., 2009). These findings suggest a strong
therapeutic potential for Tregs to suppress inflammation and improve insulin action in obesity and
T2DM. It is therefore key to understand how Tregs migratory capacity and infiltration in the
adipose tissue could be manipulated in patients. In addition, further studies are required to fully
characterize the involvement of different T cell subsets and characterize the intricate balance

between innate and adaptive immune regulations in concept of T2DM.

1.6.2.3 Bcells

B cells have been shown to play important roles in many chronic inflammatory and
autoimmune conditions, but over the last 15 years their role in obesity-associated insulin resistance
has been revealed (Yanaba et al., 2008; Marifio and Grey, 2012). B cells infiltrate the white adipose
tissue in diet-induced obesity models and contribute to insulin resistance through secreting
inflammatory cytokines, producing pathogenic antibodies and the activation of T cells and
macrophages (Winer et al., 2011). B cells from T2DM subjects secrete a proinflammatory cytokine
profile (IL-8 and IL-17), and are unable to secrete the potent anti-inflammatory cytokine 1L-10

(Jagannathan et al., 2010). Similarly they also switch antibody production from IgM to 1gG, which
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can activate T cells and macrophages (Winer et al., 2009). The importance of B cells in adipose
tissue inflammation has been studied in B cell null mice on HFD (DeFuria et al., 2013). Following
15 weeks of HFD, serum glucose levels were unchanged in B cell null mice while fasting glucose
levels increased in the control wild-type group (DeFuria et al., 2013). Attenuated inflammation in
visceral adipose tissue of B cell null mice was shown by a reduced number of M1 macrophages
and decreased T helper 17 (Th17) numbers compared to wild-type control (DeFuria et al., 2013).
Transfer of B cells from HFD mice into B cell null mice worsened metabolic parameters,
implicating the B cells as important pathogenic mediators of insulin resistance (DeFuria et al.,
2013). Therefore, B cell manipulation represents a novel approach to the treatment of obesity-

related insulin resistance and potentially to the prevention of T2DM.
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Figure 1.3 Obesity-related dysregulation of leukocyte trafficking in T2DM Adipose tissue from lean
individuals is characterized by increased numbers of anti-inflammatory M2 macrophages and higher
presence of regulatory T cells (Tregs). Obesity induces adipose tissue enrichment of cytotoxic CD8* T-cells
and pro-inflammatory M1 macrophages with a shift from an anti-inflammatory to a pro-inflammatory state.
In obesity, the imbalance among leukocytes results in production of inflammatory cytokines (TNFa, IFNy,
IL-1B) and chemokines which promote systemic inflammation and peripheral insulin resistance as well as
beta-cell dysfunction. Hyperglycemia occurs as a result of beta-cells failure to compensate for insulin
resistance. Hyperglycemia exacerbates systemic inflammation by inducing pro-inflammatory cytokines
production and modulating leukocyte trafficking through alteration of the expression of adhesion
molecules, chemokines, and chemokine receptors in different vascular beds, which ultimately results in
vascular complications. Taken from (Pezhman et al., 2021)
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1.6.3 Immunosenescence in T2DM

The immune system is identified as one of the most important regulators to maintain the
physiological homeostasis in body (Aiello et al., 2019). However, with aging, immune function is
compromised through a phenomenon called immunosenescence, which results in altered immune
response to foreign pathogens (e.g., reduced ability to respond to new antigens and excessive
inflammatory responses) (Akbar and Fletcher, 2005; Fulop et al., 2018; Aiello et al., 2019).
Immunosenescence occurs in both innate and adaptive immune cells and is closely associated with
development and progression of inflammatory disease, such as visceral obesity (Shirakawa et al.,
2016) and T2DM (Lau et al., 2019). Indeed, Shirakawa et al, demonstrated an HFD-induced
accumulation of CD4" T cells expressing programmed cell death 1 (PD-1) and CD153 in the
adipose tissue of obese mice (Shirakawa et al., 2016). Furthermore CD8* T cells that expressing
Killer cell lectin-like receptor subfamily G member 1 (KLRGL1, end-stage differentiation marker),
(Akbar and Fletcher, 2005) were reported higher in HFD mice compared with those fed a normal
diet (Kiran et al., 2021). Moreover, the infiltration of age associated B cells (identified as
CD19"CD93/CD43CD23'CD21") were also reported in visceral adipose tissue of obese mice
(Frasca et al., 2017). Thus, collectively these studies suggesting senescent immune cells as a new

therapeutic target to control the inflammation.

1.6.4 Therapeutic targeting of leukocyte trafficking in T2DM

Given that T2DM is a chronic inflammatory disorder, characterizing and targeting possible
inflammatory pathways could be efficient to prevent and control diabetes and its vascular

complications.
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1.6.4.1 Chemokines and cytokines inhibition

Chemokine and cytokine pathways are known to govern the trafficking of leukocytes into
peripheral tissues (Yao et al., 2014). Potential antagonists targeting chemokine receptors and drugs
blocking inflammatory cytokines have been developed and tested in many inflammatory
conditions, but little is known about their efficacy in obesity or T2DM and associated

complications. In this section, we will discuss some of these targets.

CCL2 and CCL5 are key mediators of monocyte recruitment induced by high glucose
levels via their receptor CCR2 and CCR5 (Nunemaker et al., 2014). Oral administration of
RO5234444, a CCR2 antagonist, to db/db mice, reduced infiltration of monocytes in the
glomerulus, resulted in preservation of glomeruli podocytes numbers and reduced albuminuria
(Sayyed et al., 2011). Similarly, intraperitoneal administration of TAK-779, a dual inhibitor of
chemokine receptors CCR2 and CCR5, reduced macrophage infiltration and expression of ICAM-
1 in the retinas of STZ-diabetic mice (Monickaraj et al., 2020). These studies clearly indicate that
blocking key recruitment chemokine receptors, such as CCR2 and/or CCR5, is a promising
therapeutic avenue to ameliorate common diabetic complications, such as nephropathy and
retinopathy. Those compounds are currently pursued in human clinical trials as well as others such
as INCB8761/PF-413630, which are a new series of CCR2 antagonists that are orally bioavailable

(Xue et al., 2011).

Due to their pro-inflammatory nature, IL-1B and TNFa actions have been widely studied
in many inflammatory conditions and their blockade resulted in improvements in T2DM-related
conditions, such as chronic kidney disease (Lei et al., 2019) and pancreatic islet inflammation (Zha
et al., 2016). However, it remains unsure whether targeting these cytokines effects leukocyte

infiltration in peripheral tissue in T2DM. Circulating levels of IL-1p are higher in T2DM (Reinehr
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et al., 2016) and macrophages are the primary source of IL-1p in obesity-induced inflammation
(Gao et al., 2014). Administration of LY2189102, a neutralizing IL-1B antibody, in patients with
T2DM improved glycemic control and demonstrated significant anti-inflammatory effects by
lowering circulating IL-6 levels when compared with placebo treatment (Sloan-Lancaster et al.,
2013). Moreover, islets from IL-1B-deficient mice exposed to high glucose in vitro, produced
lower IL-6 and chemokines compared to wild-type islets (Ehses et al., 2009). Thus, efficacy of IL-
1B blocking on inflammatory biomarkers and glycemic control raises the possibility of its use as a

treatment in T2DM and other inflammatory conditions.

Although, anti-TNFa is an approved medication for some patients with rheumatoid
arthritis (Katsumata et al., 2019), the evidence showing the efficacy of this drug in T2DM is
conflicting. Indeed, anti-TNFa treatment using recombinant soluble TNFa receptor-immuno-
globulin G increased insulin sensitivity in obese rodents (Hotamisligil et al., 1993). However,
treatment with Ro 45-2081, a TNFa antagonist (recombinant fusion protein that consists of the
soluble TNF-receptor linked to the Fc portion of human 1gG1), had no effect on blood glucose
levels and insulin-mediated glucose uptake in patients with T2DM (Paquot et al., 2000). The
inefficiency of Ro 45-2081 to control blood glucose in patients with T2DM suggest that in addition
its endocrine action, TNFa may also act through an autocrine or paracrine route. Consequently,
sole neutralization of circulating TNFa might not be enough to observe improvements in insulin

actions (Paquot et al., 2000).

1.6.4.2 Anti-integrins
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The importance of integrins in leukocyte adhesion and arresting clearly offer potential
therapeutical avenues in relapsing inflammatory conditions, such as rheumatoid arthritis (von
Andrian and Engelhardt, 2003) and multiple sclerosis (Chaudhuri and Behan, 2003).
Neutralization of integrins has been tested in murine experimental models of diabetes, particularly
for the treatment and/or prevention of diabetic complications (Barouch et al., 2000; Iliaki et al.,
2009; Miyachi et al., 2017). However, data showing efficacy in human clinical trials are not

available in the context of T2DM.

The expression of CD11la, CD11b, and CD18 integrins is increased on the surface of
neutrophils from STZ-induced diabetic rats (Barouch et al., 2000). This increase was associated
with an enhanced adhesion of diabetic neutrophils to rat endothelial cell monolayers in vitro.
Pretreatment of leukocytes with either anti-CD11b or anti-CD18 antibodies significantly lowered
the proportion of adherent diabetic neutrophils (Barouch et al., 2000). In the same study, systemic
administration of anti-CD18 F(ab'), fragments to STZ-induced diabetic rats significantly
decreased diabetic retinal leukostasis (Barouch et al., 2000). Furthermore, intraperitoneal
administration of anti-a4 integrin neutralizing antibody to a STZ-induced rat model of diabetes
retinopathy attenuated leukocyte adhesion to the retina and suppressed TNFa expression and
nuclear factor kappa B (NF-kB) activity in the retina of treated rats (lliaki et al., 2009). Notably,
blockage of VLA-4, using a neutralizing antibody, in HFD-fed mice attenuated myeloid cell
accumulation in the liver and improved systemic glucose tolerance in treated mice compared to
control HFD-fed mice (Miyachi et al., 2017). Overall, all these animal data identify the integrins
as functional adhesive molecule in diabetic complications and provides a potential target for the
prevention and/or treatment of the disease. A humanized anti-VLA-4 mAb (natalizumab) was

clinically beneficial in the treatment of Crohn’s disease (Lew and Stoffel, 2003), and rheumatoid
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arthritis (von Andrian and Engelhardt, 2003). However, VLA-4 also has key regulatory roles in
immune response, including the formation of the immune synapse (Mittelbrunn et al., 2004) and
the differentiation of Th1 T cells (Isobe et al., 1997). Obviously, the long-term administration of
anti-integrins to patients with inflammatory conditions may have undesirable or unexpected effects

and more studies are required to fully understand their action.

1.6.4.3 Fatty acids

Long-chain n—3 polyunsaturated fatty acid (n—3 PUFA), such as eicosatetraenoic acid
(EPA) and docosahexaenoic acid (DHA), found in marine fish oils, are able to down-regulate the
activity of NF-xB directly and therefore reduce the production of inflammatory cytokine (Xu et
al., 2001). n-3 PUFA can also control leukocyte recruitment during inflammation and display
immunomodulatory properties (Yates et al., 2011). Inclusion of n—3 PUFA in HFD prevented
macrophage infiltration into the adipose tissue of db/db mice (Todoric et al., 2006). Interestingly,
n—3 PUFA efficiently prevented the HFD-induced downregulation of adiponectin circulating
levels normally observed in db/db (Todoric et al., 2006). These data therefore suggest that the
beneficial effects of n—3 PUFA on diabetes could be mediated by their effect on adipose tissue
inflammation, which could in turn contribute to improving insulin sensitivity (Oliver et al., 2010).
However, much of the human evidence examining the beneficial effects of n-3 PUFA in patients
with T2DM have limited follow-up periods (Vessby et al., 2001). As a result, it is unclear whether
n-3 PUFA supplementation has long lasting beneficial effects and the exact mechanisms of n-3
PUFA action and how they modulate the adipose tissue, macrophages and even T cells remain

unknown.

32



1.6.4.4 Insulin

Several studies suggest a direct anti-inflammatory action of insulin irrespectively of its
glucose modulating capacity as mentioned here in previous sections (Hyun et al., 2011). Insulin
was found to attenuates the activity of NF-kB and monocyte chemoattractant protein-1 (MCP-1)
on human aortic endothelial cells in vitro (Aljada et al., 2001). Insulin infusion in individuals with
obesity reduced plasma sICAM-1 and CCL2 levels (Dandona et al., 2001). In addition, treatment
of human monocytes with insulin in vitro promoted the secretion of IL-8 (CXCL8), a potent
chemoattractant for neutrophils (Dandona et al., 2001). All together, these findings suggest a
possible regulatory effects of insulin on leukocyte trafficking via regulating chemokine and
cytokine secretion, as well as modulating adhesion molecules shedding. However, more studies
are required to clarify the effect of insulin on leukocyte migration by including in vitro models
taking into account the high glucose levels observed in some patients with T2DM, their associated
complications and BMI to accurately determine the mechanism of insulin action and lift the

controversy in this field.

1.6.4.5 Metformin

Despite the fact that metformin is prescribed as the first-line drug for treatment of T2DM for
over 50 years (Saisho, 2015), the mechanisms underlying the plasma glucose level-lowering
effects of metformin are not fully understood (Foretz et al., 2019). Nuclear magnetic resonance
spectroscopy data from patients with T2DM revealed that metformin treatment for 3 weeks
suppressed the hepatic gluconeogenesis rate and decreased the production of endogenous glucose
in these patients (Hundal et al., 2000). Moreover, insulin sensitising effects of metformin were

shown by increased systemic glucose uptake in patients with T2DM , which happened mainly in
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skeletal muscles (Stumvoll et al., 1995). Most importantly, the glucose lowering effects of
metformin was attributed to its ability to activate the adenosin mono phsphate kinase (AMPK) in
primary hepatocytes of rats in an in vivo sudy (Zhou et al., 2001), which resulted in the inhibition
of mitochondrial respiratory-chain complex 1 by metformin, and a subsequent decreased energy
charge in these cells that supressed gluconeogenesis and inhibited the glucose production (Zhou
et al., 2001). The importance of AMPK in mediating the effects of metformin were further
highlighted when Shaw et al, showed that deletion of an upstream kinase of AMPK, liver kinase
Bl (LKB1) suppressed AMPK activation in liver of adult mice and caused sever hyperglycemia
(Shaw et al., 2005). On the other hand, an in vivo study by Foretz et al. reported that even in the
mice lacking hepatic AMPK, metformin was able to exert its glucose-lowering effects compared
to wt control mice, suggesting AMPK-independent capacity of metformin in controlling glucose

levels (Foretz et al., 2010).

Some human studies have reported beneficial effects for metformin by decreasing the systemic
inflammatory cytokines, such as serum levels of TNF-a and IL-6 as well as plasma sVCAM levels
in individulas with T2DM (Abbasi et al., 2004; Fidan et al., 2011; Evia-Viscarra et al., 2012; Jing
etal., 2018). Indeed, most of the evidence supporting anti-inflammatory effects of metformin have
been obtained from in vivo and in vitro studies in which metformin was used higher than its
theraputic concentrations (Jing et al., 2018). For example, it has been showed that administration
of metformin for 7 weeks to C57BL/6 male mice following 11 weeks of HFD feeding decreased
the systemic level of the inflammatory cytokines IL-6 and TNF-a, as well as reduce the gene
expression of adipose tissue CD11c and MCP-1, which are typical markers for inflammatory M1

macrophage (Jing et al., 2018). Furthermore their in vitro experiments supported the fact that the
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anti inflammatory effects of metformin was mediated through activation of AMPK pathway. In
fact, their flow cytometry data showed that treatment of palmitate-stimulated bone marrow drived
macrophages with metformin and AICAR (an AMPK activator) reduced the proportion of M1
macrophages and increased the proportion of M2 macrophages, which highlights the role of
AMPK pathway in improving the fat inflammation by modulating macrophage polarization (Jing
etal., 2018). Since AMPK is also one of the downstream signalling for adiponectin (Section 1.8.6),
this may suggest similar biologic capacities for metformin and adiponectin in controling the
inflammation. However, unlike adiponectin there is no study showing any impact of metformin on
lymphocytes behaviour; Indeed metformin is a cation with low membrane permeability and is not
taken up significantly by cells lacking transporters of the organic cation transporter family (OCT)
(Hawley et al., 2010). It has been shown that OCT is not expressed by T cells , thus no obvious
effects of metformin on T cells behaviour is expected in concept of T cells trafficking (Vara-

Ciruelos et al., 2019).

1.6.4.6 Adiponectin
Adiponectin is an adipokine secreted exclusively by adipose tissue and is found at 5-15
ng/mL serumic levels in human (Hada et al., 2007). Adiponectin is well characterised as an
insulin-sensitising hormone, as well as an anti-inflammatory adipokine (Ruan and Dong, 2016)
and previous studies has shown the involvment of adiponectin in both metabolic and immune
pathways (Kadowaki et al., 2006; Ouedraogo et al., 2007). Circulating levels of adiponectin

are decreased in patients with obesity and T2DM (Hotta et al., 2000; Engeli et al., 2003).
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Moreover, downregulation of adiponectin receptors was reported in insulin target organs, such
as skeletal muscle and liver in obesity and T2DM (Civitarese et al., 2004; Tsuchida et al.,
2004). In addition, adiponectin is also a regulator of adhesion molecules on endothelial cells
(Ouchi et al., 1999). Treating endothelial cells with adiponectin inhibited the expression of
adhesion molecules such as VCAM-1, E-selectin, and ICAM-1 in vitro (Ouchi et al., 1999)
and in vivo (Ouedraogo et al., 2007) suggesting that dysregulation of adiponectin may be
relevant to obesity-linked endothelial dysfunction in these individuals (Cho et al., 2002;
Katsiki et al., 2017).

Adiponectin circulates as either its globular domain or full-length homo-complexes with
different molecular weights including: a trimer (low MW; LMW); a hexamer (medium MW;
MMW) or an oligomer (high MW; HMW), (Kadowaki et al., 2006). .

As shown in Figure 1.4 three adiponectin receptors have been identified: adiponectin
receptor 1 (AdipoR1), AdipoR2 and CDH13 (cadherin-13; T-cadherin), (Takeuchi et al., 2007).
Unlike AdipoR1/R2 which are seven-transmembrane proteins with both intracellular and
extracellular domains, CDH13 only has a large extracellular domain (Figure 1.3) which lacks a
cytoplasmic domain (Ranscht and Dours-Zimmermann, 1991) AdipoR1 and AdipoR2 serve as
receptors for globular and full-length adiponectin respectively (Takeuchi et al., 2007). However,
CDH13 does only bindes to full-length HMW adiponectin with no affinity to globular or trimeric
adiponectin (Kadowaki and Yamauchi, 2011) Binding to AdipoR1/2, adiponectin activates
downstream signalling through several pathways, including AMPK, MAPK p38 and PPARa
which all induce the adiponectin metabolic functions (Kadowaki and Yamauchi, 2011). However,
among these pathways, adiponectin stimulated AMPK has been directly implicated in insulin-

sensitizing function of adiponectin in liver and muscle (Kadowaki and Yamauchi, 2011)
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Despite lacking intracellular domain, many studies have suggested that CDH13 directly
participates in cellular signal cascades (Takeuchi et al., 2000; Huang et al., 2003) through binding
to yet unidentified transmembrane receptor (Takeuchi et al., 2007) Indeed, CDH13 and
adiponectin were shown colocalized in atherosclerotic lesions of human aorta, emphasizing on
CDH13 as a major receptor for adiponectin in the vasculature (lvanov et al., 2001). Both
CDH13 and adiponectin are shown to protect vascular endothelial cells from apoptosis, which
suggests CDH13 and adiponectin may have overlapping biological properties (Takeuchi et al.,
2007). However, the functional relevance of CDH13 in mediating the effects of adiponectin is
currently unclear. Moreover, potential signalling mechanisms downstream of adiponectin CDH13

interactions have not yet been fully explored.

1.6.4.7 PEPITEM

As demonstrated in previous section, there is growing evidence to support the anti-
inflammatory capacity of adiponectin and its role in glucose homeostasis (Ruan and Dong, 2016;
Katsiki et al., 2017). It is also known that adiponectin is able to regulate T cell trafficking during
inflammation in a novel pathway characterised in our laboratory a few years ago (Chimen et al.,
2015). As shown in Figure 1.5, during inflammation T cells need to migrate across endothelial
layer to enter inflamed tissue. In fact, inflammatory cytokines, such as TNF-a and IFN-y, activate
the endothelial cells at the site of inflammation and cause lymphocyte capture from blood (Chimen
et al., 2015). The chemokine signals induced by cytokines, stimulate the activation of the B1- and
B2-integrin, as well as the surface expression of SIP receptors on T cells, which cause lymphocytes
migration through endothelium via PGD2 support (Chimen et al., 2015). However, in presence of

adiponectin which is shown in the second half of the Figure 1. 5, adiponectin induces the release
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of the novel immunopeptide (PEPtide Inhibitor of Trans-endothelial Migration; PEPITEM) by B
cells via signaling through the adiponectin receptors (AdipoR1/2). PEPITEM induces the release
of sphingosine-1-phosphate (S1P) by endothelial cells via binding with endothelial cadherin-15
(CDH15). In turn, S1P inhibits T cell transmigration by preventing integrin activation (Chimen et
al., 2015). The Adiponectin-PEPITEM pathway is dysregulated in inflammatory conditions, such
as T1IDM, RA and in older adults. Dysregulation of this pathway is caused by a lack of AdipoR1/2
expression on B cells in these patient groups leading to insufficient secretion of PEPITEM and
consequently allowing aberrant T cell trafficking resulting in chronic inflammatory responses

(Chimen et al., 2015).
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Figure 1.4 Signal transduction by adiponectin receptors Globular adiponectin which exists as a trimer
has a higher affinity to AdipoR1 and lower affinity to AdipoR2 (shown by dots) whereas full-length
adiponectin which exists as three multimers with different molecular weight (MW): (LMW trimer, MMW
hexamer, and HMW multimer) binds to both AdipoR1/R2 with higher affinity to AdipoR2. Among
adiponectin multimers CDH13 is only able to bind to HMW multimer. AdipoR1/R2 activate sets of
downstream signaling molecules such as PPARa, AMPK, and p38 MAPK which induce adiponectin
biological functions for glucose homeostasis in muscles and liver. The signal transduction of CDH13 is not
clear. Taken from (Kadowaki et al., 2006)
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Figure 1.5 PEPITEM pathway

(1) Endothelial cells stimulated with pro-inflammatory cytokines such as TNF-a and IFN-y recruit flowing
T cells in the blood. (2) B1- and B2-integrins are activated by chemokine signals from CXCL9—-11 presented
on the endothelial surface, which interact with CXCR3 on T cells and lead to T cell arrest. (3) At the same
time, chemokine stimulation induces S1PR1/4 surface expression on T cells. T cell spreading and migration
is supported by PGD2, generated through the metabolism of arachidonic acid by cyclooxygenases, which
operates through the PGD2 receptor, DP-2. (4) T cells spread and migrate across and through vascular
endothelial cells. (5) Simultaneously, adherent B cells are simulated by circulating adiponectin through the
adipoR1/2 receptors, (6) resulting in the release of PEPITEM from B cells. (7) PEPITEM binds to CDH15
on endothelial cells, stimulating the release of S1P from endothelial cells. (8) S1P binds to S1P receptors
(S1P1/4) on recruited T cells, (9) which regulates the activation of the 32-integrin LFA-1 and inhibits trans-

endothelial T cell migration. Taken from (Chimen et al., 2015).
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1.7 Aims and Objectives

With the knowledge of reduced AdipoR1/R2 expression on B cells, reduced capacity of
adiponectin to inhibit T cell trans-endothelial migration and impaired PEPITEM pathway in
patients with chronic inflammatory disease compared to age-matched healthy controls, we aimed
to investigate whether the PEPITEM pathway is also impaired in T2DM and mechanisms

underlying this loss in both T2DM.

As a noted receptor to adiponectin, we also aimed to clarify the role of CDH13 in PEPITEM

pathway.

- We hypothesise that CDH13 play a role in PEPITEM pathway.

- We hypothesise that B cells under hyperglycemic condition in T2DM are deficient for
the AdipoRs and cannot produce PEPITEM and the homeostatic mechanism
(PEPITEM) controlling T cell trafficking during inflammation, is suppressed in T2DM.

- We also hypothesise that inefficiency of homeostatic PEPITEM pathway affects
pancreatic beta cells and insulin secretion and impaired PEPITEM pathway plays a role

in obesity induced inflammation in T2DM.

Therefore, the project had the following aims:
1) To assess the role of CDH13 in anti-inflammatory effects of adiponectin in vitro.
2) To examine the effect of hyperglycemia, insulin and metformin on leukocyte-

endothelium interaction in vitro.
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3) To investigate PEPITEM effects on disease onset and glucose homeostasis in a mouse
model of T2DM, and the impact this has on leukocyte trafficking into different vascular

beds.
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2 MATERIALS AND METHODS
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2.1 Blood vascular Endothelial Cells (BEC)

2.1.1 Culture and passaging of BEC

Cryopreserved human dermal blood endothelial cells (PromoCell, Heidelberg, Germany,
catalogue number #C-12225) were purchased at passage 2, thawed at 37°C and cultured in 25cm?
flasks (T25, BD Falcon) using BEC growth media (PromoCell; catalogue number #C-222110)
supplemented with Fetal Calf Serum (FCS; 5%), Endothelial Cell Growth Supplement (ECGS;
0.4%) and Epidermal Growth Factor (EGF; 10 ng/ml; all in one pack, PromoCell; catalogue
number #C-39220). BEC were incubated at 37 °C and 5% CO; for 3 days to reach to 90-95%

confluency and expanded through four passages.

2.1.2 Subculture

Briefly, the media was aspirated, and cells were washed with 0.5mM
ethylenediaminetetraacetic acid, (EDTA; Sigma-Aldrich, catalogue number # E8008) for 30
seconds. EDTA was aspirated and cells were incubated with trypsin (Trypsin 0.05%-EDTA 0.53
mM; Gibco, Thermofisher, UK, catalogue number #25300054) for 2 minutes at room temperature.
Phase-contrast microscopy (Zeiss Primovert, Carl Zeiss limited, Birmingham, UK) was used to
visualise cells to ensure they had all detached. Trypsin was neutralised by the addition of medium
199 (M199, Gibco Life Technologies, catalogue number #31150-022) supplemented with 20%
foetal bovine serum (FBS, Sigma-Aldrich; Paisley, UK, catalogue number #16000). The cell
suspension was then centrifuged at 400g for 5 minutes, and the remaining cell pellet was re-
suspended in 1ml BEC growth media. Cells were counted using cellometer Auto T4 (Nexcelom

Bioscience Ltd, Manchester, UK) and were seeded into 2x T25 flasks containing 5ml BEC growth
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media at 37°C and 5% CO>. At 90% confluency, cells were passaged as described splitting 1 in 3

until passage 4 (P4).

2.1.3 Cryopreservation

Passage 4 BEC at 90% confluency were trypsinised as described above, and the pellet re-
suspended in 1.5mL cryo-SFM (PromoCell, catalogue number #29910) and split in 3x cryovials
(~108 cells/vial ), (Gem Scientific, Bradford, UK, catalogue number #123261). Cryovials were
cooled to -80°C using a Mr. Frosty™ freezing container (Thermofisher, catalogue number #
51001-0001) filled with fresh isopropanaol (propan-2-ol) for 24 hours, before being stored in

liquid nitrogen.

2.1.4 Seeding and treatment of BEC

Cryopreserved BEC vial was brought out of the liquid nitrogen, placed on dry and defrosted
at 37°C in water bath. BEC were subcultured as in section 1.1.2 and re-suspended in 2x10° cells/ml
of BEC growth media and seeded into 12 well plates (BD Falcon; catalogue number #353043) at
2x10° cells per well to ensure a confluent monolayer formed in 24 hours. BEC were incubated at

37 °C and 5% CO for 24 hours prior to use.

To cytokine stimulate, BEC were treated with 100U/ml recombinant human TNF-a (R&D

Systems, Oxford, UK, catalogue number #210-TA-010) and 10ng/ml IFN-y (Peprotech, London,
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UK, catalogue number #300-02) for 24 hours prior to the experiment to model inflammation

(Chimen et al., 2015).

For HG treatment of BEC, D-glucose (Sigma-Aldrich, catalogue number, #G7021-1KG)
was added to the BEC media to make a final concentration of 30mM/L (Crabtree et al., 2008;
Yamagata et al., 2012). BEC were treated in HG media supplemented with or without 100U/ml

TNF-o and 100U/ml IFN-y for 24 hours prior to the experiment.

In some experiments, BEC were treated with metformin hydrochloride at 20, 200 and 2000
MM/L (Merck, Darmstadt, Germany, catalogue number #1115-70-4) for 24 hours during the
cytokine treatment to assess the dose-dependent effects of metformin concentrations (Isoda et al.,
2006). For combined treatment of BEC with HG and metformin, BEC were stimulated with TNF-
o/IFN-y in HG media for 24 hours, followed by 4 hours metformin treatment at therapeutically

relevant concentrations (20 and 200 pM/L) in HG media supplemented with TNF-o/IFN-y.

For insulin treatment, BEC were treated with insulin at 10"M/I (Merck, catalogue number
#91077C-100MG) during cytokine treatment for 24 hours (Ding et al., 2000; Kuboki et al., 2000;
De Nigris et al., 2015). For combined treatment of BEC with HG and insulin, BEC were stimulated
with TNF-o/IFN-y in HG media for 24 hours, followed by 24 hours insulin treatment at 10’M/I in

HG media supplemented with TNF-o/IFN-y.

2.2 Collection and Preparation of Whole Blood

2.2.1 Isolation of Peripheral Blood Mononuclear Cells (PBMC)

Venous blood samples were collected from healthy individuals following written and

informed consent, into EDTA coated tubes (BD Vacutainer; Greiner Bio-One, Stonehouse, UK;
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catalogue number #455045) to prevent coagulation. PBMC were isolated from whole blood as
previously described (Rainger et al. 1996). Briefly, whole blood was layered on a double density
Histopaque gradient, Histopaque 1119 (Sigma-Aldrich, Poole, UK, catalogue number #11191) and
Histopaque 1077 (Sigma-Aldrich, catalogue number, #10771) and centrifuged at 800g for 45
minutes at room temperature. The PBMC layer sediments lies just beneath the plasma, while the
neutrophils sediment 2cm above the hematocrit (Munir and McGettrick, 2015). The PBMC layer
and neutrophils were isolated separately and washed twice in phosphate buffered saline with
calcium and magnesium (PBS+; Sigma-Aldrich, #14040141) at 400g for 6 minutes at room
temperature. After the second wash, the PBMC or neutrophil pellet was re-suspended in 1ml M199
supplemented with 0.15% BSA (Bovine Albumin Fraction V, 7.5% solution; Sigma-Aldrich;
catalogue number #15260037; M199-BSA) and cell counts were determined with the cellometer
Auto T4. In some experiments leukocyte cones were used to supply the PBMCs due to COVID
restrictions. Briefly, after collecting from blood centre, leukocyte cone content was transferred to
a falcon 50 and diluted with PBS+ up to 50 ml and layered on a double density Histopaque

gradient. Blood was processed as described above.

2.2.2  Monocyte isolation

Monocytes were isolated from PBMCs using EasySep monocyte Human Isolation Kit
(StemCell Technologies, EasySep, Cambridge, UK, catalogue number, #19059) according to the
manufacturer’s protocol. A suspension of PBMC (5x107 cells/ml) were prepared in MACS buffer
(PBS+, supplemented with 0.1mM EDTA and 0.6% bovine serum albumin) and added to 14ml

polystyrene round-bottom tube (EasySep, catalogue number, #38008). Cells were incubated with
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50ul/ml antibody cocktail (StemCell Technologies, EasySep, catalogue number #19359C) for 10
minutes at room temperature. Magnetic beads (StemCell Technologies, EasySep, catalogue
number #19550) were added to the cells at 75ul/ml and left for 5 minutes at room temperature.
Cells were topped up to 5ml of MACS buffer and placed into the magnet (The Big Easy, EasySep,
catalogue number, #18001) and left for 5 minutes at room temperature. All other lymphocytes
were adhered to the walls of the tube and the enriched monocyte suspension were sorted by
negative selection into a new 15ml tube, washed at 400g, counted and resuspended (1 x 10° cells

/ml) in M199-BSA prior to the experiment.

2.2.3 Peripheral Blood Lymphocytes (PBL) Isolation and Treatments

The PBMCs were resuspended in M199-BSA in a T25 flask and incubated at 37 °C for 45
minutes to plate the monocytes onto plastic. The surface of T25 flask was washed five times with
a 6 ml aliquot of 37°C M199-BSA. The cell suspension containing PBL were then centrifuged at
400g for 5 minutes at room temperature. PBL were resuspended with 1 ml of M199-BSA, counted
and resuspended at 1x 10° cell/ml. In some experiments, PBL were treated with 10ug/ml
adiponectin (Enzo Life Sciences, Exeter, UK; catalogue number, #ALX-522-063-C050) or
20ng/ml PEPITEM (SVTEQGAELSNEER, Alta Bioscience, Birmingham, UK; catalogue

number, #M3231A) (Chimen et al., 2015).

To treat PBL with adiponectin, 1 x 10 PBL were transferred to 1.5 ml Eppendorf (Sigma-
Aldrich), centrifuged at 400g for 6 minutes at room temperature, aspirated and then resuspended

in 100ul of M199-BSA supplemented with 10pg/ml of adiponectin and incubated for 1 hour on

48



shaker at room temperature. After 1 hour, 900ul of M199-BSA was added to the Eppendorf,

centrifuged at 4009 for 6 minutes, aspirated and resuspended in 1 ml M199-BSA.

To treat PBL with PEPITEM, 1 x 10° PBL were resuspended in M199-BSA supplemented

with 20ng/ml PEPITEM immediately before the assay was performed (no incubation).

In some of the glucose experiments, PBL were isolated a day before the assay and cultured
into the 12 well plate at 5x10° cells/ml in M199-BSA for 24 hours in presence or absence of 30mM
D-glucose (Crabtree et al., 2008; Yamagata et al., 2012), 20, 200 and 2000 uM metformin (Isoda
et al., 2006) or 10’M/L insulin (Ding et al., 2000; Kuboki et al., 2000; De Nigris et al., 2015). For
combined treatment, PBL were isolated a day before the assay and cultured in M199-BSA with
HG, followed by metformin treatment (20 and 200pM) for 4 hours or with insulin treatment at

10"M/L for 1 hour prior to the experiments.

2.3 Static adhesion and migration assay

Static adhesion and migration assays were performed as previously described (McGettrick
et al. 2009). Cytokine-stimulated BEC were twice washed with M199-BSA to remove residual
cytokines and non-adhered cells. Treated or untreated PBL (1x10° cells/well) were immediately
added to BEC and allowed to adhere and migrate for 6 min 30 seconds at 37 °C on BEC.
Immediately after, BEC were twice washed with M199-BSA to remove non-adherent PBL. Cells
were fixed with 2% glutaraldehyde (Sigma-Aldrich, catalogue number, #G5882) diluted in PBS+.
Digitised images of 10 random fields were acquired using a phase-contrast microscopy (Olympus
IX71; Southend-on-Sea, UK) and analysed using Image-Pro Plus software (version 6.0, Media

Cybernetics). Phase bright round lymphocytes on the surface of the BEC monolayer were
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classified as adherent. Phase dark lymphocytes were classified as transmigrated, and typically
appeared to be spread out under the endothelial cell monolayer (Figure 2.1) The numbers of
adherent and transmigrated cells were counted in 10 images per well, averaged and converted to
cells per mm2 and multiplied by the known surface area of the endothelial cell monolayer to
calculate the total number adherent. The percentage of adherent lymphocytes that had

transmigrated was also calculated.

Adhered

\
. Transmigrated

Figure 2.1 Representative image of the static adhesion and migration assay. Representative micrograph
image of PBL adhesion and migration through inflamed endothelium observed using phase contrast
microscopy. Firmly adherent phase bright PBL remain circular and are on top of the endothelium. The
transmigrated phase dark PBL appear flattened and irregular shaped underneath the endothelial cell layer.
Scale bar = 100 pum.
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2.4 RNA Extraction

Total mMRNA was extracted from cells using the RNasy Minikit (Qiagen, Manchester, UK;
catalogue number #74104) according to the manufacturer’s guidance. Briefly, BEC were lysed by
adding 350ul RLT buffer directly to the wells and collected in a 1.5mL Eppendorf tube. Ethanol
(70%, in distilled water) was added to the suspension and the sample was vortexed for 60 seconds
to disrupt cell membranes. The sample was transferred to a spin column for centrifugation at
8000g. The supernatant was discarded and RW1 buffer was added to the collection tube (to
efficiently remove biomolecules such as carbohydrates, proteins, fatty acids etc...) before being
centrifuged for 30 seconds at 8000g. The supernatant was discarded and RPE buffer was added to
the collection tube to remove traces of salts before centrifugation for 30 seconds at 8000g. The
supernatant was discarded and RPE buffer was added to the collection tube before centrifugation
for 2 minutes at 8000g. The spin column was transfered into a new 2ml collection tube and dried
by centrifugation for 2 min at 10000g. mRNA was eluted from the spin column by adding 32uL
RNase-free dH20 directly to the filter and centrifuged at 8000g for 1 min. The RNase-free dH.0O
flow-through was collected and re-added to the spin column for another centrifugation to increase
RNA yield. RNA concentration was measured using Nanodrop spectrofluorometer (LabTech). The
acceptable average of A230/260 and A260/280 ratios for RNA were 2.0-2.2. Purified RNA was

stored at -80°C for <72 hours before being converted to cDNA.

2.5 mRNA to cDNA conversion
Using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Warrington,
UK; catalogue number, #4368814) the 1ug of extracted RNA (from section 2.4) was convert to

cDNA following the user guide. A mixture volume of 20l containing: 3.2ul RNase free H20, 2l
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RT buffer, 0.8ul ANTP mix (100mM), 2ul RT random primers, 1ul RNaseOUT, 1ul reverse
transcriptase and 1ug of total RNA placed in a thermocycler at 25°C for 10 min, 37°C for 120 min,

85°C for 5 min, with a final hold at 4°C. cDNA was kept at -20°C before gPCR use.

2.6 Real-time Polymerase Chain Reaction

To replicate all the cDNA (from section 2.5) TagMan multiplex master mix (Applied
Biosciences; catalogue number #4461881) was applied and the gene of interest was identified
using TagMan probes (Thermofisher, catalogue number #4331182). All probes were labelled with
FAM, except for the human housekeeping: GAPDH, 18s and HPRT which were labelled with

VIC.

Mixture of: 5.5ul of Tagman multiplex master mix, 3.9ul of RNase free H20, 0.6ul of
TagMan probes, and 0.5ul of cDNA was used for each reaction. PCR was conducted using the
7900HT Fast Real-Time PCR System with 384-Well Block Module (Applied Biosystems,
catalogue number #4329001). gPCR employed 40 cycles of: 50°C for 2 minutes, 95°C for 10
minutes, 95°C for 15 seconds, 60°C for 1 minute, with the final holding at 4°C. Each sample was
run in technical duplicates and the mean cycle threshold (Ct) of the duplicates was calculated. Only
values with standard deviation (SD) <1 were used for further analysis. To compare gene
expression, the cycle threshold (Ct) was recorded and compared to the house keeping control to
work out ACt (ACt = Ct target gene — Ct reference gene). Results are expressed as relative
expression to the endogenous control (2°2¢Y), (Rieu and Powers, 2009). Three housekeeping genes
were screened using unstimulated and TNF-a/IFN-y treated BEC (Table 2.2) and the one with the
least variation in the mean cycle threshold (Ct) of the duplicates (GAPDH) was chosen to be used

in the experiments (Table 2.2).
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Table 2.1 TagMan gene expression assays used for real-time qPCR

Primers

Primer Sequence

Supplier

AdipoR1

Hs00360422_m1

Thermofisher

AdipoR2

Hs00226105_m1

Thermofisher

CDH13

HS01004531-ml

Thermofisher

ICAM 1

Hs00164932_m1

Thermofisher

VCAM1

Hs01003372_m1

Thermofisher

E selectin

Hs00174057_m1

Thermofisher

HPRT

Hs02800695_m1

Thermofisher

GAPDH

Hs02786624_g1

Thermofisher

18s

Hs03003631_g1

Thermofisher
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Table 2.2 Screening of housekeeping genes

Ctl

7.39534
8.375191
10.54198
7.363573
11.85918
11.98841
10.5744
8.296925
7.640275
10 6.549867
11 9.153357
12 12.35238

Co~NoulhkhwWwN -

188
ct2
7.475779
8.286764
9.87243
7.328754
11.69684
11.9651
10.49496
8.357039
7.668687
6.423791
9.210382
12.28226

SD
0.056878
0.062527
0.473442
0.024621
0.114793
0.016488
0.056175
0.042507
0.020091
0.08915
0.040322
0.049585

Ctl
17.9573
18.92881
19.3426
18.57716
18.62675
18.09298
18.50626
18.66192
18.77945
18.25302
18.05619
18.69194

GAPDH
Cct2
18.15742
18.58469
19.2474
18.57806
18.51483
18.19844
17.85165
18.7611
18.0606
18.24798
18.23701
18.60107

SD

0.141504
0.243332
0.067312
0.000641
0.079142
0.074576
0.462885
0.070134
0.508307
0.003563
0.127857
0.064261

Ctl
23.553
24.33584
25.14752
24.16162
24.67466
23.95423
24.40052
24.48141
23.65369
24.30474
23.97283
24.67972

HPRT
Ct2
23.41926
24.26452
25.15101
24.09489
24.74695
23.98115
24.72341
24.64232
23.79125
24.37836
23.6052
24.64138

Housekeeping genes: 18s, GAPDH and HPRT. Ct: cycle threshold, SD: Standard Deviation

1-6 untreated BEC samples, 7-12 cytokine treated BEC samples.

SD
0.09457
0.050431
0.002469
0.047187
0.051118
0.019035
0.228318
0.113781
0.097272
0.052053
0.259956
0.027112
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2.7 siRNA transfection
BEC were plated at 150,000 cell/well in a 12 well plate for 24 hours. The AdipoR1

(Catalogue number # GS51094), AdipoR2 (catalogue number # GS79602), CDH13 (catalogue
number # GS1012) and control siRNA (catalogue number # 1027310) (all from Qiagen) FlexiTube
SiRNAs (Table 2. 3) were added at a final concentration of 50nM to 83.75ul of Optimem media
(Gibco Life Technologies, catalogue number # 51985). 1.5ul of RNAI Lipofectamine (Invitrogen,
catalogue number #13778) was mixed with 13.5ul of Optimem and these were incubated 10
minutes at room temperature. 15ul of Lipofectamine mix was added to each siRNA mixture, gently
mixed, and incubated for a further 10 minutes. BEC were washed twice with PBS and 400ul of
Optimem was added to the Lipofectamine siRNA duplexes. After gentle agitation, the mix was
added on the BEC and incubated for 4 hours at 37 °C and 5% CO_ (Chimen et al., 2015). After
aspirating the BEC media, siRNA-lipofectamine complex media was added to the respective wells
and cells were incubated. Subsequently, BEC were washed twice with PBS before BEC growth
media was added to the wells and cells incubated at 37 °C and 5% CO2 for 48 hours before use.
After 48 hours BEC were stimulated with TNF-a and IFN-y for 24 hours before being analysed by

real time PCR, flow cytometry or incorporation into a transmigration assay.

2.8 Protein Expression
2.8.1 Flow cytometry
2.8.1.1 Measuring AdipoRs expression on PBMC subsets.
Flow cytometry was used to measure the AdipoRs surface expression in PBMC
populations. PBMCs were transferred to FACs tubes (BD Falcon, catalogue number #352063) at

0.5 x 106 cells/tube. FC receptors were blocked in all tubes using FcR Blocking agent (Miltenyi

55



Biotec, Germany, catalogue number #130-091-765) at a 1:50 dilution (Chimen et al., 2015).
PBMCs were incubated with Rabbit anti-human adipoR1 (Pheonix Pharmaceuticals, Karlsruhe,
Germany, catalogue number #G-001-44) or anti-AdipoR2 (Pheonix Pharmaceuticals, catalogue
number #G-001-23) antibodies at 4°C at 1/100 dilution for 20 minutes(Chimen et al., 2015), then
washed with PBS at 4009 for 5 minutes at room temperature. Isotype tubes received no AdipoR
antibodies. PBMCs were stained with goat-anti rabbit Alexa Fluor 488 secondary antibody (FITC;
Invitrogen, catalogue number #A11008) at 1/250 (Chimen et al., 2015) and a panel of antibodies
(Table 2.4) for 30 min at 4 °C. Single stains and secondary only were included as controls for
compensation and non-specific antibody staining. Zombie Aqua Fixable Viability Kit was used to
test the viability of cells. PBMCs were washed with PBS at 400g for 5 minutes at room temperature
and fixed with 400 pl/tube of 2% formaldehyde (TAAB Laboratories Equipment Ltd; catalogue
number #F003) diluted in PBS+ for 20 min at 4 °C. Then the cells were washed with PBS+ at
4009 for 5 minutes at room temperature and re-suspended in 300 ul PBS+, before being kept in
the dark at 4°C until ready for analysis. Flow cytometry was performed using a Cyan flow
cytometer (Beckmann Coulter, USA) with Summit software and then analyzed using FlowJo
software (TreeStar, Ashland, OR). PBMC population was identified using forward vs. side scatter
(FSC vs SSC), (Figure 2.2-A). Single cells were identified by using FSC vs Pulse Width (Figure
2.2-B). Viable cells were identified using a Zombie Aqua Viability kit (Figure 2.2-C). B cells and
T cells were identified by using CD19 vs CD3 (Figure 2.2-D). Monocytes were identified using
CD14 vs CD3 (Figure 2.2-E). NKs, NK cells and NK T-cells were identified using CD56 vs
CD3(Figure 2.2-F). CD8" and CD4T-cells were gated on T cells using CD8 vs CD4 (Figure 2.2-
G). The percentage of PBMC subset of healthy donors is shown in Figure 2.3. AdipoR1 and

AdipoR2 expression on PBMCs was based on the secondary only.
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Table 2. 3 Sequences of siRNA pool used for BEC

ON-TARGETplus SMART pool (Qiagen)

Target siRNAL SiRNA2 siRNA3 siRNA4

AdipoR1 GACAAGAGCAGGCGUGUUC GGCUAAAGGACAACGACUA CCUUUAUGCUGCUCGAAUU GAGAAGGGCAAACGGGUAA
AdipoR2 GGAGUGAGGUACAAGACGA GAGAAGAACUUGAACGUUU CAGACUUGCUCUUCGGUCA GAAGGUCGGUGGCGAGUGA
CDH13 GGAAAGGUGUGUUUGCAGU GAAAUCUCCUUCACGCUGA GAUGGGGAAUUGAUGGUUA CGACGAGGACUUUGUGCUA

Table 2.4 Human antibodies used for adiponectin receptors on PBMC subsets

Antibody Fluorophore Concentration Catalogue

number
CD56 PE 1:100 CMSSB 12-0567-42 eBiosciences
Mouse [ IgG1, kappa (Paisley, UK)
CcD3 PerCpCy5.5 1:100 OKT3 45-0037-42 Invitrogen

Mouse / IgG2a, kappa

cD19 PECY7 1:50 HIB19 25-0199-42 Invitrogen
Mouse [ IgG1, kappa

cD8 PB 1:50 OKT8 48-0086-42 eBiosciences
Mouse /[ IgG2a, kappa

CD14 APC 1:50 61D3 17-0149-42 Invitrogen
Mouse / IgG1, kappa

cDa APCCy7 1:50 RPA-T4 56-0049-42 Invitrogen
Mouse / IgG1, kappa

Goat serum 1:500 N/A A-11008 Invitrogen
Zombie Aqua dye BV510 1:100 77143 Biolegend

(Highgate, UK)

CD4 FITC EITC 1:50 OKT4 11-0048-42 eBiosciences
Mouse / IgG2b, kappa
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Figure 2.2 Gating strategy to identify PBMC subsets.

(A) PBMC population was identified using forward vs. side scatter (FSC vs SSC). (B) Single cells were
identified by using FSC vs Pulse Width. (C) Viable cells were identified using a Zombie Aqua Viability
kit. (D) T cells (CD3*) and B-cells (CD19%) were identified by using CD3 and CD19 respectively. (E)
Monocytes (CD14*) were identified using CD3-CD14 gating. (F) NKs, NK cells and NK T-cells were

identified using CD3 vs CD56. (G) CD8" and CD4" T cells were gated on T cells identified by CD8 or
CD4, respectively.
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Figure 2.3 Frequency of PBMC subsets in healthy donors. PBMCs were isolated from whole blood and
stained with antibodies against CD19*, CD14*, CD8*, CD4+ and CD56" to distinguish B cells, monocytes,
CD8+ T cells, CD4+ T cells, NK cells and NK T cells using flow cytometry and quantified as frequency of
PBMC subsets. Data are shown as meanSEM, n=7 independent experiments using 7 different blood

donors.
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2.8.1.2 Measuring total expression of CDH13 in BEC

BEC were cultured in 24 well plates at 0.1 x 106 cell/well. BEC were stimulated with TNF-
o/IFN-y for 24 hours prior to staining. In some experiments BEC were treated with 10ug
adiponectin for 24 hours. To measure the total expression of CDH13, cultured BEC were washed
twice with warmed PBS+ before being treated with 200ul accutase (Sigma-Aldrich, catalogue
number #A6964) to detach the cells. Cells were washed in 800 ul PBS+ and transferred to
individual FACs tubes. Tubes were filled with PBS+ and centrifuged at 400g for 6 minutes at room
temperature. After discarding the supernatant, the eBioscience intracellular fixation and
permeabilisation kit (Ebioscience, catalogue number #88-8824-00) was used according to
manufacturer’s instructions. Briefly, BEC were left in fixation buffer for 60 minutes room
temperature, then washed once with PBS+ and twice with permeabilisation buffer at 400g 4 °C.
Primary rabbit anti-human CDH13 antibody (Abcam, Waltham, US, clone: 39241, catalogue
number #ab36905) was added at 1/200 (Wang et al., 2014) to the fixed and permeabilised cells
and incubated for 20 minutes at 4 °C in dark. BEC were washed once with PBS+ and twice with
permeabilisation buffer at 400g 4 °C. An Alexa Flour 647 conjugated goat anti- rabbit antibody
(Jakson ImmunoResearch, Cambridge, UK catalogue number 111-605-008) was incubated at
1/300 (Wang et al., 2014) with the BEC for 20 minutes in dark at 4 °C. BEC were washed with

PBS at 400g and resuspended with 300 ul of PBS and stored at 4 °C until the day of analysing.

2.8.1.3 Measuring surface expression of CDH13 on BEC

BEC were cultured and treated as described in section 1.3.1.2. To measure the surface
expression of CDH13, cultured BEC were washed twice with PBS+. Primary rabbit anti-human
CDH13 antibody was applied to the BEC at 1/200 for 20 minutes at 4 °C in dark. Isotype well

received no primary antibody. BEC were washed twice with PBS+ for 5 minutes at 4°C. Alexa
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Fluor 647 conjugated goat anti- rabbit antibody was incubated at 1/300 with the BEC for 20 min
in dark at 4 °C. BEC were washed twice with PBS+ for 5 minutes at 4°C, treated with accutase as
described above and transferred to FACs tubes. The cells were then washed with PBS+ at 4009
for 6 minutes. After discarding the supernatant, the cells were fixed with 400 pl/tube of 2%
formaldehyde diluted in PBS+ and re-suspended in 300 ul PBS+ and kept in the dark at 4°C until
ready for analysis. Flow cytometry was performed using Cyan flow cytometer. BEC population
were identified using forward vs. side scatter (FSC vs SSC), for total (Figure 2.4-A) and surface
staining (Figure 2.4-B), single cells were identified by using FSC vs Pulse Width (Figure 2.4-C).

CDH13 expression on BEC was based on secondary only.

2.8.2 Immunofluorescence staining for adiponectin and CDH13

Human BEC, were cultured 50 000 per slide in p-ibidi chamber slides (vThistle Scientific,
Glasgow, UK, catalogue number # 80826-G500). BEC were stimulated with TNF-o/IFN-y for 24
hours prior to staining. In some experiments BEC were treated with adiponectin (10 pg/ml) for 24
hours. Cultured BEC were incubated and fixed with 2% formaldehyde diluted in PBS+ in ibidi
slides for 10 min at 37°C. BEC were washed two times with PBS+ for 5 minutes following fixation
and stored in fridge 4°C until ready to carry out immunofluorescence protocol. For
Immunofluorescence staining of adiponectin and CDH13, BEC were incubated with 0.1% Triton
X100 (Sigma, catalogue number # 11332481001) diluted in PBS for 30 minutes, then washed
twice with PBS+ for 5 minutes and blocked with 10% FBS diluted in PBS+ for 30 minutes at room
temperature in the dark. Blocking solution was aspirated and primary rabbit anti-human CDH13
(Abcam, clone: 39241, catalogue number #ab36905) and mouse anti-human adiponectin (Abcam,

clone:19F1, catalogue number # ab22554) antibodies were applied at 1/200 and incubated with
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BEC for 24 hours at 4°C. Antibodies were prepared in 10% FBS diluted in PBS. Following day
BEC were washed twice with PBS+ for 5 minutes prior adding the secondary antibodies for 1 hour
at 4°C in dark. Secondary antibody for adiponectin was an Alexa Flour 488 goat anti-mouse
antibody at 1/300 (Jakson ImmunoResearch, catalogue number # 115-545-008). Secondary
antibody for CDH13 was Alexa Flour 647 goat anti- rabbit antibody at 1/300. Subsequently the
slides were washed twice 5 minutes with PBS+. Vectamount (Vector Laboratories, Peterborough,
UK, catalogue number # H-1200-10) containing 4',6-diamidino-2-phenylindole (DAPI) was used
(1 drop/slide) to stain the nuclear. The slides were then visualized using a Zeiss LSM780 inverted

laser scanning confocal microscope (Zeiss, Gottingen, Germany).

2.8.3 Confocal microscopy

Images were captured using a 63x water-immersion objective with excitation at 488nm and
580nm. The laser power and acquisition parameters and were kept constant for every experiment.
At least 5 digital images were taken for each slide. Three separate channels were used to avoid
overlap in emission detection from each fluorochrome. Images were processed on ZEN (Black
Edition, version 2.2) software and were stored as digital arrays. Digital arrays were quantified
using ImageJ 1.53k. The average fluorescence of CDH13 and adiponectin was calculated by
measuring the field intensity of the red and green channels divided by the number of cells within
the field. The background fluorescence, for each experiment, was calculated by measuring the field
intensity of the red and green channels from digital arrays of control cells (secondary only). This
value was subtracted from the field intensity of the red and green channels from treated cells. The
blue channel was used to count the number of cells in each digital array. At least 4 arrays for each

culture condition were analysed to calculate the average fluorescence of CDH13 and adiponectin.
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Figure 2.4 Representative plots of gating strategy for identifying BEC.

BECs were cultured for 24 hours prior to stimulation with TNF-o/IFN-y for 24 hours. BEC population
were identified using forward vs. side scatter (FSC vs SSC), for (A) total and (B) surface staining, (C)
single cells were identified by using FSC vs Pulse Width.



2.9 Animal experiments

29.1 Mice

C57BL/6 wt mice were purchased from Charles River and maintained under controlled
conditions in a 12-hour light/12-hour dark cycle. Mice received food/water ad libitum as stated by

the UK Home Office Regulations.

2.9.2 Mini-pump implantation and induction of glucose intolerance

2.9.2.1 Mice on High Fat Diet (HFD)

Minipumps (Charles River Ltd, Kent, UK, Alzet pumps 2006) were loaded with PEPITEM
(3.5mg/ml) or PBS and implanted subcutaneously in 6-weeks old male C57BI/6 wt mice. Briefly,
mice were anaesthetised, and the skin was shaved and cut using surgical scissors over mini pump
implantation site to create a subcutaneous pocket under the back skin of the mice. Osmotic
minipumps were placed either at day 0 or 6 weeks into the feeding protocol. The skin wound was
cleaned and closed using two surgical clips. Mice were monitored in cages and allowed to recover
for 1 week before their normal chow diet was changed to high fat diet containing 60% fat (Research
Diets INC, Newb Brunswick, USA catalogue number # D12492) for 6 or 12 weeks. Body weight
was checked at the start and once per week until the end of the experimental period. For
intraperitoneal glucose tolerance tests (IPGTT) at 3 and 6 weeks of HFD for the 6-week
experiment, or 8 and 12 weeks of HFD for the 12-week experiment, the mice were fasted for 4-6
hours prior to intraperitoneal injection of glucose (2 g/kg body weight). Blood samples were taken
from the tail vein at 0, 15, 30, 60, 90 and 120 min after glucose injection. Glucose was measured

using a Contour XT glucometer (Bayer, Germany) and expressed as mmol/I.
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2.9.3 Ildentification of leukocyte subsets in murine tissues

After 6 or 12 weeks on HFD, mice were scarified via cardiac puncture under terminal
anesthesia and tissues were collected. Blood was collected into Eppendorf’s coated with EDTA
anti-coagulant (Sarstedt Ltd, Leicester, UK, catalogue number # 41.1395.005) and gently inverted.
The peritoneum was lavaged with 5ml of 5mM EDTA (Sigma, catalogue number # #03690) in
PBS and collected in falcon tubes, the spleen and inguinal LNs were collected in bijoux tubes
containing PBS. Both visceral (gonadal fat pads) and subcutaneous fat (abdominal) tissue was

collected in RPMI (Gibco™ RPMI 1640 Medium, catalogue number # 11530586) +2% BSA.

2.9.4 Processing of blood samples

To stain for leukocyte subsets, 3ml of red blood cell lysis buffer was added per 300 ul of
blood and incubated at room temperature for 10 minutes, washed twice with 15ml PBS+ at 400g
at room temperature. Pellet was resuspended in 500 ul MACS buffer and transferred into propylene

tube (Falcon, catalogue number #352052) to be stained for leukocytes subsets.

2.9.5 Processing of spleen and lymph nodes (LNs)

After weighing, the spleen and LN were crushed on a 40uM filter and lysed with 3ml formulated
RBC lysis buffer for 10 minutes at room temperature. After washing twice with PBS for 5 minutes
at 4009, room temperature, the pellet was resuspended processed in the same way as we processed

blood.
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2.9.6 Processing of adipose tissue

After weighing the tissue, an enzyme cocktail was prepared per 0.8 g of fat tissue as
described in Table 2.5. After cutting the tissue in tiny pieces, tissue was transferred into the enzyme
cocktail and placed in a water bath at 37°C for 30 min. Using a 70uM filter, tissue was filtered into
fresh 5ml RPMI+ 2% FBS and washed at 400g for 10 minutes. The oily floating adipocytes were
aspirated, and the stroma vascular fraction (SVF) was resuspended in 3ml red blood cell lysis
buffer for 10 minutes at room temperature, washed and resuspend in 500ul of RPMI+ 2% FBS and

added to propylene tubes for staining.

2.9.7 Processing of Peritoneal Lavage

Peritoneal cells were centrifuged at 400g for 5 minutes at room temperature, supernatant
was collected and stored at -80°C for future analysis, and cells were resuspended in Iml MACS
buffer. Peritoneal cells were centrifuged at 400g for 5 minutes and resuspended in 500ul MACS

buffer. 100ul were added to each propylene tube.

2.9.8 Staining leukocyte subsets for flow cytometry

After adding the cells to propylene tube all tissues were stained for (Figure 2.5) T-cell and
T-cell isotype, (Figure 2.6) B-cell and B-cell isotype and (Figure 2.7) macrophage panel. After
adding 2ul mouse FcR blocker per tube cells were incubated with the subset markers (Table 2.6)

for 20 minutes at 4°C. Single stains were included only for spleen (Table 2.6) and used for
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compensation of all other tissues. Cells were then washed with PBS and fixed with 2%
formaldehyde diluted in PBS+ for 10 min at 4°C, washed and resuspended in 300ul PBS for flow
cytometry analysis. 20ul/tube CountBright (Invitrogen, cat Catalogue number #36950) beads were
added to all Samples before acquisition on the Fortessa-X20 (BD Bioscience). Samples analysed
using FlowJo (V-10.2.6) software. Figure 2.5-8 represent the gating strategy used to identify the
leukocytes subsets.

Leukocyte populations were identified, using forward/side scatter and single cells were
gated using FSC-A vs FSC-H. Viable cells were gated using zombie aqua in all panels which is only
shown in Figure 2.5-A, B and C. CD45" cells were gated on live cells using CD45 antibody
(Figure 2.5-D, Figure 2.6-A, Figure 2.7-A).

T cells and B cells were gated on CD45" cells using CD3 and CD19 antibodies (Figure
2.5-E and Figure 2.6-B). T-cell subsets identified gating on T-cells using CD4 and CD8 antibodies
(Figure 2.5-F). Naive, memory (CM) and effector memory cells (EM) were gated on both
CD4*(Figure 2.5-G) and CD8* (Figure 2.5-H) populations using CD62L vs CD44. Tregs were
identified by gating on CD4+ T-cells using CD4 vs CD25(Figure 2.5-1). Senescent T-cells gated
on T-cells using KLRG1 antibody (Figure 2.5-J) based on isotype control (Figure 2.5-K).

In B-cell panel, age associated B-cells were gated on CD93" CD43 cells (Figure 2.6-D)
using isotype control (Figure 2.6-F).

In macrophage panel, eosinophils were gated on CD45" cells using F4/80 vs SIGLEC F
(Figure 2.7-B), macrophage/monocyte and DCs were identified using F4/80 vs CD11C (Figure

2.7-C), neutrophils were gated on leukocytes using SSC-A vs LY6G (Figure 2.7-D).
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Table 2.5. Enzyme cocktail concentration and final volume per 0.8 g of adipose tissue.

Enzyme dilution Final Volume to add per
concentration sample

Collagenase P 1:500 200 ug/mi 10 pl

(Sigma-Aldrich, catalogue

number # 11213857001)

DNase 1:100 100 ug/ml 50 pl

(Merck, catalogue

number #04716728001)

Collagenase Dispase 1:125 800 ug/ml 40 pl

(Merck, catalogue number

# 10269638001)

RPMI 2% FBS 5ml
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Figure 2.5 Gating strategy used to identify the T-cell subsets in spleen. (A) Leukocyte populations
were identified using FSC-A vs SSC-A, (B) single cells were identified using FSC-A vs FSC-H. (C)Viable
cells were gated using BV510-A vs SSC-A and (D) CD45* cells gated on live cells using CD45 antibody.
(E) T-cells were gated using CD3 vs CD19 antibodies. (F) T-cell subsets identified gating on T-cells using
CD4 and CD8 antibodies. Naive, central memory (CM) and effector memory cells (EM) were gated on
both (G) CD4" and (H) CD8" populations using CD62L vs CD44. (1) Tregs were identified by gating on

CD4+ T-cells using CD4 vs CD25. (J) Senescent T-cells gated on T-cells using KLRG1 antibody based on
(K) isotype control.
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Table 2.6. Anti-mouse antibodies used in T cell, T cell isotype, B cell, B cell isotype, and macrophage panel for flow cytometry.

Antibody Fluorophore | Concentration | Clone Catalogue Supplier Panel
number

CD45.2 (0.2 mg/ml), BV605 1:100 104 109841 Biolegend T-cell, B-cell, T-cell
Mouse (SJL) 1gG2a, isotype, B-cell isotype
CD3 (0.2 mg/mL), PECy7 1:50 145- 2c11 25-0031-82 Thermofisher | T-cell, B-cell, T-cell
Armenian hamster / 1IgG isotype, B-cell isotype
CD4 (0.2 mg/mL) eFluor 450 1:100 GK1.5 48-0041-82 Thermofisher | T-cell
Rat / 1gG2b, kappa
CD8 (0.2 mg/mL) PE-Texas Red | 1:200 5H10 MCDO0817 Thermofisher | T-cell
Rat / 1gG2b
CD44(0.5 mg/mL) FITC 1:500 IM7 11-0441-82 Thermofisher | T-cell
Rat / 1gG2b, kappa
CD25 (0.2 mg/mL) AF700 1:50 PC61.5 56-0251-82 Thermofisher | T-cell
Rat / 1gG1, lambda
KLRG1 (0.2 mg/mL) APC-e 1:100 2F1 47-5893-82 Thermofisher | T-cell
Syrian hamster / 1gG Fluor780
CD62L (0.2 mg/m) PE 1:500 MEL-14 12-0621-82 Thermofisher | T-cell
Rat / 19G2a, kappa
CD19 (0.2 mg/mL) APC 1:50 1D3 17-0193-82 Thermofisher | T-cell, T-cell is type, B-
Rat / 1gG2a, kappa cell, B-cell isotype
Zombie BV510 1:500 77143 Biolegend T-cell, B-cell, T-cell

isotype, B-cell isotype,

macrophage, compensation
Armenian hamster IgG, | APC- 1:100 eBio299Arm 47-4888-80 Thermofisher | T-cell isotype
(0.2 mg/mL) e Fluor780
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Antibody Fluorophore | Concentration | Clone Catalogue Supplier Panel
number

CD23 (0.2 mg/ml) BVv421 1:100 B3B4 562929 BD B-cell

Rat LOU 1gG2a,

CD93 (0.2 mg/ml) BV650 1:100 AA4.1 563807 BD B-cell

Rat SD, 1gG2b,

CD43 (0.2 mg/ml) PerCPCy5.5 1:100 S7 562865 BD B-cell

Rat DA x LOU IgG2a,

CD21/35 (0.2 mg/ml) PE 1:100 7G6 552957 BD B-cell

Rat SD 1gG2b,

Rat 19G2b PE 1:100 eB149/ 10H5 | 12-4031-81 Thermofisher | B-cell isotype

Rat 1gG2ak BVv421 1:100 R35-95 562602 BD B-cell isotype

Rat 19G2bk BV650 1:100 R35-38 563233 BD B-cell isotype

Rat 1gG2ak PerCPCy5.5 1:100 R35-95 550765 BD B-cell isotype

CD45 (0.2 mg/mL) APCCy7 1:200 104 47-0454-82 Thermofisher | macrophage

Mouse / 19G2a,

F4/80 (0.2 mg/mL) FITC 1:50 BMS8 17-4801-82 Thermofisher | macrophage

Rat / 1gG2a,

CD11c (0.2 mg/mL) PECy7 1:50 N418 25-0114-82 Thermofisher | macrophage

Armenian hamster / 1IgG

Gp38 (0.2 mg/mL) PE 1:200 8.1.1 12-5381-82 Thermofisher | macrophage

Syrian hamster / 1gG

Siglec F (0.2 mg/m) TR 1:50 E50-2440 562757 BD Macrophage

Rat LOU/1gG2a,
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Antibody Fluorophore | Concentration | Clone Catalogue Supplier Panel
number

Ly6G (0.2 mg/m) APC 1:50 1A8 560599 BD macrophage

Rat LEW/IgG2a,

CD3 (0.2 mg/mL) PE 1:50 145-2C11 12-0031-82 Thermofisher | Compensation

Armenian hamster / 1I9G

CD45 (0.2 mg/mL) AF700 1:50 30-F11 56-0451-82 Thermofisher | Compensation

Rat / 1gG2b,

CD3 (0.2 mg/mL) APC 1:50 17A2 17-0032-82 Thermofisher | Compensation

Rat / 1gG2b, «

CD3 (2 mg/mL) BV650 1:50 17A2 100229 Biolegend Compensation

Rat/lgG2b,

CD3 (0.2 mg/mL) BV605 1:50 17A2 100237 Thermofisher | Compensation

Rat/ 1gG2b
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2.9.9 Processing mice pancreas tissue

Isolated pancreases were fixed in 10% buffered formaldehyde (Sigma-Aldrich; Catalogue
number #HT5011) for 48 hours and then placed in 70% ethanol until processing for sectioning and

immunofluorescence staining of insulin and glucagon.

2.9.9.1 Paraffin embedding and sectioning of the pancreas

The fixed mice pancreas was transferred to ethanol solutions prepared in dH20 as below:

e 50 minutes in 70% ethanol

e 50 minutes in 95% ethanol

e 50 minutes in 100% ethanol

e 30 minutes in xylene (Source Chemicals Ltd, Littleborough, UK, catalogue number # 203-
396-5)

e 30 minutes in fresh xylene

The wax machine was turned on 2 hours earlier to make liquid paraffin. The tissue was
transferred from xylene to running liquid paraffin for 20 minutes to_get rid of excess xylene, then
placed into the embedding cassette (Thermofisher, catalogue number # M485SL) containing fresh
wax on ice for 30 minutes until becomes solid. The tissue blocks were kept in room temperature

until sectioning (Moran et al., 2014).

Tissues were then sectioned at 2 X 5 um each using microtome and flouted on water at 45°C

using water bath. A super frost plus slide (Thermo Scientific, catalogue number # 631-9483) was
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used to collect each of the tissue sections. The slides were then transferred to drier at 80°C for 1

hour and kept in room temperature before being stained (Moran et al., 2014).

2.9.9.2 Deparaffinisation and staining of pancreas for insulin and glucagon
Deparaffinisation was performed to remove the paraffin penetrated the tissue prior to the
staining. Briefly, the slides transferred to histoclear (Sigma Aldrich, catalogue number # H2779)
3 times for 2 minutes with fresh histoclear each time. Then placed in 100, 95, 70% ethanol for 5
minutes each respectively. The slides then moved into dH.O for 2 minutes, then incubated for 25
minutes in citrate buffer (10mM citric acid anhydrous, 1 L dH20, 0.05% Tween 20; 0.5MlI, pH to
6 with NaOH) for antigen retrieval. After, slides were placed under cold running water for 10
minutes and dried at room temperature. A pap pen (Merck, catalogue number # Z377821-1EA)
was used to draw around pancreas tissue. The slides were incubated in blocking solution (PBS+;
50ml, 0.1% triton X-100 and 2% BSA) for 1 hour. The blocking buffer was removed and a mix of
primary antibodies including anti-insulin rabbit antibody (Cell signalling, London, UK, clone:
C27C9, catalogue number #3014) at 1:500 and anti-glucagon mouse antibody (Sigma Aldrich,
clone: K79bB10, catalogue number #G 2654) at 1:2000 both diluted in blocking solution, was
applied at 4°C in humidity chamber overnight (Moran et al., 2014). The day after, the slides were
washed 3 x 10 minutes in blocking buffer. Secondary antibodies including goat anti-mouse 1gG
(H+L) Alexa fluor plus 488 (Thermofisher, catalogue number # A32723) and goat anti-rabbit IgG
(H+L) Alexa fluor plus 633 (Thermofisher, catalogue number # A-21071) were diluted in blocking
buffer both at 1:2000 and were applied for 2 hours at room temperature in the dark (Moran et al.,
2014), which subsequently washed 3 x 10 minutes in blocking buffer. The excess liquid was

eliminated from the slides and a drop of vectashield mounting medium with DAPI was applied on
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each slide over the tissue. Coverslip (London LaboQuip, London, UK, catalogue number #

0111620) was added to the slides and stored at 4°C in dark until imaged using a slid scanner.

2.9.9.3 Slide scanner

Slides were imaged using a zeiss axioscan 7 slid scanner (Zeiss, Oberkochen, Germany) at 20x
magnification. Three separate channels were used to avoid overlap in emission detection from each
fluorochrome. Images were processed on ZEN (black edition, version 2.2) software and were
stored as digital arrays. Digital arrays were analysed using ImageJ 1.53k and quantified as the
average number of the islets/10000mm? of whole area or the average area of islets/20000mm? of

whole area.

2.10 Statistical analysis

All data have been analysed on Prism software 8.0 (GraphPad, San Diego, USA) and is shown
as means = standard error of mean (SEM).). Normality was first tested for via the Kolmogorov-
Smirnov test. For in vitro experiments one -way ANOVA followed by Dunnett’s, or Bonferroni’s
multiple comparisons post-test were performed; For in vivo experiments, unpaired t tests were

performed. P-value less than 0.05 were considered significant.
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3 THE ROLE OF CDH13 (CADHERIN-13) IN ANTI-
INFLAMMATORY EFFECTS OF ADIPONECTIN
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3.1 Introduction

Adiponectin is known to exert its anti-inflammatory effects through binding to its receptors
AdipoR1/R2, which are expressed on immune cells and endothelium (Takeuchi et al., 2007). In
addition to AdipoRs, another receptor has been identified as a potential binding partner for
adiponectin called CDH13 (Takeuchi et al., 2007). CDH13 is highly expressed by endothelium
(Matsuda et al., 2015) and is colocalized with adiponectin in vessel walls, emphasizing CDH13
as a major receptor for adiponectin in the vasculature (Ivanov et al., 2001). As mentioned
before, the presence of AdipoRs on B cell is crucial in PEPITEM pathway (Chimen et al., 2015).
However, the importance of CDH13 in PEPITEM pathway is unknown. Previous studies suggest
the tissue accumulation of adiponectin specifically with CDH13 but not with AdipoRs (Denzel et
al., 2010). Since the AdipoRs are inseparable part of PEPITEM pathway, here we hypothesise that
CDH13 presents adiponectin to the B cells to trigger the PEPITEM pathway.

In this chapter, to assess the functionality of the PEPITEM pathway in vitro, we started the
quantification of AdipoR1/R2 expression on PBMC subsets using flow cytometry. Using static
transmigration assay we measured the inhibitory capacity of adiponectin in T cell migration acting
on PBLs. To explore the role of adiponectin receptors in PEPITEM pathway we first confirmed
CDH13 and AdipoRs expression on BEC both at protein and mMRNA levels. Then, we measured
the inhibitory effect of adiponectin in T cell migration by treating the BEC with adiponectin. As
we found the pathway functional, we proceeded to knock-down AdipoR1 and AdipoR2 and
CDH13 in BEC and measure the pathway. To investigate the modulation of CDH13 in
inflammation, also its interaction with adiponectin, we explored the BEC expression of CDH13 in

presence and absence of adiponectin using flowcytometry and confocal microscopy.
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3.2 Results

3.2.1 Evaluation of AdipoR1/R2 on expression on PBMC subsets

To evaluate the functionality of the PEPITEM pathway we identified the PBMC subset in
healthy donors (see gating strategy in Material and Methods Figure 2.2), we aimed to measure the
expression of both adiponectin receptors AdipoR1 and AdipoR2 on PBMCs using flow cytometry.
AdipoR1 and AdipoR2 expressions were determined on each PBMC subsets based on secondary
antibody control (absence of primary antibodies for AdipoR1/R2), (Figure 3.1A-G) and quantified
at protein levels as frequency of cells expression AR1/2 or MFI on PBMC subsets (Figure 3.2A-
N). We observed higher frequencies and surface expression of both receptors on B cells (Figure
3.2-A and H), monocytes (Figure 3.2-B and I) and CD3-CD56+ low NK cells (Figure 3.2-D and
K) and little expression were found on CD56 high NK cells (Figure 3.2-C and J), NK T cells
(Figure 3.2-E and L), CD8" T cells (Figure 3.2-F and M) and CD4" T cells (Figure 3.2-G and N),
which agrees with the previous data showing higher expression of these receptors on B cell
compared to T cell (Chimen et al., 2015). The surface expression of AdipoR1 was significantly
higher on B cells, monocytes and CD3-CD56+ NK cells compared to AdipoR2 (Figure 3.2H, 1.21
and 3.2K). Higher expression of AdipoR1/R2 on B Cell, monocytes and NKs, suggests an

important immunomodulatory capacity for adiponectin.

3.2.2 Effect of adiponectin on lymphocyte migration through inflamed endothelium

To determine whether the PEPITEM pathway is active in healthy individuals, we measured
PBL recruitment across BEC stimulated with TNF-a/IFN-y for 24 hours prior to the adhesion

assay. Here we aimed to compare and optimise commercially available BEC donors based on
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different ages in their ability to support PBL recruitment to levels previously published and seen
within the group. Seeding with the same density, we observed a better monolayer using adult BEC
(Figure 3.3-A) compared to juvenile (Figure 3.3-B) despite a similar response to adiponectin. Thus,
we decided to proceed the future experiments with adult BEC. Moreover, adiponectin treatment
of PBL had no effect on the level of PBL adhesion to either adult or juvenile inflamed BEC (Figure
3.3-C and 1.3-D). Adiponectin efficiently reduced the migration of PBL across the endothelium

both in adult and juvenile BEC (Figure 3.3-E and 3.3-F).

3.2.3 Expression of adiponectin receptors on endothelial cells

The original adiponectin-PEPITEM story investigated the effect of pre-treating the
lymphocytes with adiponectin prior to adding them to the endothelial monolayer and these data
agree with this. However, as indicated endothelial cells also express adiponectin receptors and
therefore could potentially respond to adiponectin, independently of the responses seen by PBL.
The efficiency of adiponectin acting on BEC led us to consider the involvement of adiponectin
receptor on BEC. We aimed to confirm the expression of adiponectin receptors CDH13, AdipoR1
and AdipoR2 on resting and activated BEC using qPCR and flow cytometry. All three receptors’
expressions were found on BEC at both mRNA (Figure 3.4) and protein levels (Figure 3.5). We
found higher gene expression of CDH13 (Figure 3. 4-A), but not AdipoRs (Figure 3. 4-B) in
stimulated BEC compared to resting BEC. We saw no change in frequency of CDH13 (Figure 3.5-
A) and AdipoRs (Figure 3.5-C) in cytokine stimulated BEC compared to baseline. However, the

surface expression (MFI) of CDH13 (Figure 3.5-B), but not AdipoRs (Figure 3. 5-D) were higher
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in stimulated BEC compared to unstimulated, indicating a potentially important role of CDH13 in

vasculature and within the adiponectin-PEPITEM pathway.

3.2.4 Endothelial responses to adiponectin

We subsequently determined whether adiponectin could influence lymphocyte migration
by directly acting on BEC, we measured lymphocyte recruitment on TNF-o/IFN-y-stimulated
BEC. In static conditions, treatment of adult BEC with adiponectin for 24 hours did not alter total
adhesion of PBL (Figure 3.6-A) but did significantly reduce PBL transmigration (Figure 3.6-B).
Thus, indicating that endothelial response to adiponectin was sufficient to dampen PBL

transmigration.
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Figure 3.1 Representative histograms of AdipoRs expression on PBMCs. AdipoRs expression was determined on (A) B ells, (B) CD3'CD56
high NK cells, (C) CD3'CD56 NK cells, (D) NK T-cells, (E) monocytes, (F) CD8* T-cells and (G) CD4* T-cells, using flow cytometry based on
the secondary only for each PBMC subset. Data are representative of 1 donor, for n=6 different blood donors analysed in Figure 3.2.
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Figure 3.2 Expression of adiponectin receptors on PBMC subsets. PBMCs were isolated from whole blood and stained with respective antibodies
for PBMC subsets. AdipoRs expressions were measured using flow cytometry and quantified as (A-G) frequency of cells expression AR1/2 or (H-
N) MFI on (A and H) B-cells, (B and I) monocytes, (C and J) CD3'CD56 high NK cells, (D and K) CD3'CD56 NK low cells, (E and L) NK T-cells,
(F and M) CD8* T-cells and (G and N) CD4* T-cells. Data are mean + SEM from n=5 independent experiments using 6 different blood donors. *
=p<0.05 and ** = p<0.01 by paired t-test.
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Figure 3.3 Effect of adiponectin on lymphocyte migration through inflamed adult vs juvenile
endothelium in static conditions. BEC were cultured for 24 hours prior to stimulation with TNF-o/IFN-y
for 24 hours. PBLs were isolated, left untreated (control) or treated with adiponectin at 10pg/ml 1. PBLs (1
x 108 cells/ml) were added to BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C.
Digitised images of 5 random fields were acquired from (A) adult or (B) juvenile BEC and analysed offline.
The number of adherent PBLs (C) to adult or (D) juvenile BEC expressed as the number of cells/mm?2/10°
cells added. Lymphocyte transmigration expressed as the percentage of adherent cells that had
transmigrated through (E) adult or (F) juvenile BEC. Data are shown as mean = SEM for n = 4-6
independent experiments using 2 different BEC donors and 4-6 different lymphocyte donors. *= p<0.05
compared to control, by paired t-test. Scale bar=100 pum.
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Figure 3.4 Gene expression of adiponectin receptors on BEC. BEC were cultured and left untreated or
treated with TNF-o/IFN-y for 24 hours. (A) CDH13 and (B) AdipoR1/R2 gene expression were measured
using qPCR and quantified as relative expression to the endogenous untreated control. Data are mean +
SEM from n=3 independent experiments using one BEC donor. ** = p<0.01 by paired t-test.
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Figure 3.5 Protein expression of adiponectin receptors on BEC. BEC were cultured and left untreated
or treated with TNF-o/IFN-y for 24 hours. CDH13, AdipoR1 and AdipoR2 expression were measured using
flow cytometry and quantified as (A and C) frequency of cells expressing the receptors and (B and D)

MFI. Data are mean = SEM from n=4 independent experiments using one BEC donor. ** = p<0.01 by
paired t-test.
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Figure 3.6 The effect of adiponectin treatment of BEC on lymphocyte recruitment to inflamed
endothelium. Adult BECs were cultured for 24 hours prior to stimulation with TNF-a/IFN-y in the absence
or presence of adiponectin at 10 pg/ml, for 24 hours. PBL were isolated and (1 x 10° cells/ml) added to
BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random
fields were acquired and analysed offline. (A) The number of adherent PBLs expressed as the number of
cells/mm?/10° cells added. (B) Lymphocyte transmigration expressed as the percentage of adherent cells
that had transmigrated. Representative images of transmigration assay (C) in absence or (D) presence of
adiponectin. Data are shown as mean + SEM for n = 7 independent experiments using 2 BEC donors and 7
different lymphocyte donors. *= p<0.05 by paired t-test compared to no adiponectin treated BEC. Scale
bar=100 pm
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3.2.5 The effect of adiponectin receptors knock-down on PEPITEM pathway

When we observed the efficiency of adiponectin to reduce lymphocyte transmigration
through acting directly on BEC, we wondered whether the adiponectin receptors which we showed
the expression on BEC, are involved in this effect. Thereby, we tried to knockdown these receptors
individually and measure the functional consequence using the adhesion assay. Knockdown of
each receptor was confirmed both with gPCR (Figure 3.7) and flow cytometry (Figure 3.8). The
gene expression of receptors (expressed as fold change to no siRNA) was significantly reduced by
using siRNA targeting CDH13 (Figure 3.7-A) AdipoR1 (Figure 3.7-B) and AdipoR2 (Figure 3.7-
C) when compared to the no siRNA control BEC. A similar observation was made at the protein
level using flow cytometry. The endothelial cells population were identified using forward vs. side
scatter (Figure 3.8-A). Single cells were identified (Figure 3.8-B) before expression of adiponectin
receptors was measured by flow cytometry based on the secondary only (Figure 3.8-C and 3.8-D)
and quantified as MFI. The total protein expression of receptors was significantly reduced by using
SiRNA targeting CDH13 (Figure 3.8-E) AdipoR1 (Figure 3.8-F) and AdipoR2 (Figure 3.8-G)
when compared to the no sSiRNA control BEC. After confirmation of knockdown of the potential
receptors for adiponectin, we explored if adiponectin was still able to signal through the endothelial
to modulate lymphocyte trafficking. The knockdown of CDH13 had no effect on PBL adhesion
(Figure 3.9-A), however, it decreased the inhibitory effects of adiponectin such that adiponectin
was no longer able to suppress PBL migration (Figure 3.9-B). Moreover, our data showed that
individual knockdown of AdipoR1 and AdipoR2 reduced the efficiency of adiponectin to inhibit
PBL transmigration compared to BEC transfected with control siRNA (Figure 3.10). These data
collectively suggest the ability of these receptors to individually influence PBL migration and thus

potentially impact on the PEPITEM pathway.
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Figure 3.7 PCR confirmation of adiponectin receptors knockdown on BEC. BEC were cultured for 24
hours and transfected with siRNA against CDH13, AdipoR1 or AdipoR2 or scramble versions of the target
SiRNA (CTRL). As a control, cells were incubated in the transfection buffer alone (No SiRNA). After 48
hours, BEC were stimulated with TNF-o/IFN-y for 24 hours. (A) expression of CDH13, (B) AdipoR1 or
(C) AdipoR2 were evaluated by gPCR and data are plotted as fold change to the no siRNA control. ANOVA
showed a significant effect of transfection on gene expression of adiponectin receptors. Data are shown as
mean + SEM for n = 3 independent experiments using 1 BEC donor. **= p<0.01 and *** p<0.005 by
Bonferroni’s multiple comparison post-test.
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Figure 3.8 Flow cytometry confirmation of adiponectin receptors knock down on BEC. BEC were
cultured for 24 hours and transfected with sSiRNA against CDH13, adipoR1 or adipoR2 or scramble versions
of the target SiRNA (CTRL siRNA). As a control, cells were incubated in the transfection buffer alone (No
SiRNA). After 48 hours, BEC were stimulated with TNF-o/IFN-y for 24 hours. (A) BEC population was
identified using forward vs. side scatter (FSC vs SSC). (B) Single cells were identified by using FSC vs
Pulse Width. Expression of (C) CDH13 and (D) adipoR1/R2 were measured by low cytometry based on
the secondary only and quantified as MFI of (E) CDH13, (F) adipoR1 and (G) adipoR2. ANOVA showed
a significant effect of transfection on protein expression of adiponectin receptors. Data are shown as mean
+ SEM for n = 3 independent experiments using 2 BEC donors. ***= P<0.001, by Bonferroni’s multiple
comparison posttest.
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Figure 3.9 Effect of CDH13 knockdown on the ability of adiponectin to inhibit lymphocyte
recruitment to inflamed endothelium. BEC were cultured for 24 hours and transfected with siRNA
against CDH13 or scramble versions of the target sSiRNA (CTRL siRNA). As a control, cells were incubated
in the transfection buffer alone (No siRNA). After 48 hours, BEC were stimulated with TNF-o/IFN-y in
presence or absence of adiponectin at 10pg/ml for 24 hours following the transfection. PBL were isolated
and (1 x 10° cells/ml) added to BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C.
Digitised images of 5 random fields were acquired and analysed offline. (A) The number of adherent PBLs
expressed as the number of cells/mm?/10° cells added. (B) Lymphocyte transmigration expressed as the
percentage of adherent cells that had transmigrated. Data are shown as mean £ SEM for n =5 independent
experiments for using 2 BEC donors and 5 different lymphocyte donors. * = p<0.05 by paired t-test
compared to no adiponectin treated BEC.
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Figure 3.10 Effect of AdipoR1 or R2 knockdown on the ability of adiponectin to inhibit lymphocyte
recruitment to inflamed endothelium. BEC were cultured for 24 hours and transfected with siRNA
against adipoR1 or adipoR2 or scramble versions of the target sSiRNA. As a control, cells were incubated
in the transfection buffer alone (No siRNA). After 48 hours, BEC were stimulated with TNF-o/IFN-y for
24 hours in presence or absence of adiponectin at 10ug/ml for 24 hours following the transfection. PBL
were isolated and (1 x 10° cells/ml) added to BEC and allowed to adhere and migrate for 6 minutes 30
seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed offline. (A) The number
of adherent PBLs expressed as the number of cells/mm?/10° cells added. (B) Lymphocyte transmigration
expressed as the percentage of adherent cells that had transmigrated. Data are shown as mean £ SEM for n
=5 independent experiments for transmigration assay using 2 BEC donors and 5 different lymphocyte
donors. *= p<0.05, by paired t-test compared to no adiponectin treated BEC.
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3.2.6 Evaluating Expression of CDH13 by BEC

Previous studies demonstrate that changes in tissue adiponectin and CDH13 protein levels
are synchronized at tissue levels (Takeuchi et al., 2007), however the modulation of CDH13 in
inflammation is not clear. Here, we measured the surface and total (surface and intracellular)
expression of CDH13 on inflamed endothelial in presence or absence of adiponectin. As shown in
figure 3.11-A, surface expression of CDH13 was increased in cytokine stimulated BEC compared
to baseline levels and remained unchanged by the addition of adiponectin for either 24 hour or the
final 1 hour. However, total (both surface and intracellular) expression of CDH13 was decreased
following cytokine-stimulation of BEC when compared to baseline (Figure 3.11-B). In contrast,
adiponectin treatment for either the duration of the 24 hours cytokine-stimulation or for just the
final hour reversed the effects of the cytokines on CDH13 total levels, bringing them back to the
levels observed at baseline (Figure 3.11-B). These data indicate that adiponectin is able to

modulate the expression patterns of CDH13 during inflammation.

To clarify localization of CDH13 and adiponectin at the cellular level, BEC were
stimulated with cytokines and expression of CDH13 was evaluated using confocal microscopy
following adiponectin treatment. As shown in Figure 3.12-A, in n=1 the intracellular level of
adiponectin was increased after adiponectin supplementation of BEC (Figure 3.12-A), suggesting
uptake into the BEC. As anticipated the expression of CDH13 was decrease following cytokine-
stimulation, although adiponectin treatment had no obvious effect in total amount of CDH13
(Figure 3.12-B). CDH13 seemed to localize more in nucleus (Figure 3.12 C-F). Additional

experiments are required to make any definitive conclusion on this.
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Figure 3.11 Effects of adiponectin treatment on CDH13 expression in stimulated endothelial cells.
BEC were cultured for 24 hours, left untreated (red dots) or stimulated with TNF-o/IFN-y in the absence or
presence of adiponectin at 10 pg/ml, for 24 hours or for the final 1 hour (green dots) of the 24 hours cytokine
treatment. CDH13 (A) surface and (B) intracellular expression were measured using flowcytometry and

quantified as MFI. ANOVA showed a significant effect of adiponectin treatment on CDH13 expression.

Data are shown as mean = SEM for n = 3-5 independent experiments using 2 BEC donors. *= p<0.05, by

Dunnett post-test.
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Figure 3.12 Confocal microscopy imaging of the localization of CDH13 and adiponectin in BEC. BEC
were cultured for 24 hours, left untreated or stimulated with TNF-o/IFN-y in the absence or presence of
adiponectin at 10 pg/ml, for 24 hours. Adiponectin and CDH13 cellular expression were measured using
confocal microscopy and quantified as the average fluorescence of (A) adiponectin and (B) CDH13.
Representative images acquired using confocal microscopy showing separate and merged fluorescent
channels from cells in (C) secondary only, (D) unstimulated, (E) stimulated with TNF-a and IFN-y, (F)
stimulated + Adiponectin 10ug/ml. Data are shown as mean + SEM for n = 1 experiment using 1 BEC
donors. Scale bar=50um for all images.
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3.3 Discussion

In this study to measure the functionality of PEPITEM pathway, we first quantified the
AdipoR1R2 expression on PBMC subsets. We found higher expression of AdipoRs on B-cells,
monocytes and CD3-CD56+ NK cells from healthy controls. Using an established model of
lymphocyte migration, we showed that adiponectin can strongly inhibit PBL transmigration by
acting on PBL (as previously published), (Chimen et al., 2015) and also directly on BEC (original
finding). Investigating the role of adiponectin receptors in PEPITEM pathway, we observed
expression of CDH13, AdipoR1 and R2 on BEC. By knocking down these individual receptors in
the BEC, we found an abrogated PEPITEM pathway in absence of each of these receptors
individually, suggesting that they were all able to contribute to the adiponectin binding and
subsequent down-stream signaling. In addition, using flow cytometry we evaluated the interaction
of CDH13 with adiponectin and we found that adiponectin is able to modulation the expression

patterns of CDH13 during inflammation.

3.3.1 Expression of AdipoR1/R2 in immunity

We aimed to measure AdipoRs expression on PBMC subsets of healthy donors to
understand the immunomodulatory role of adiponectin. We found that AdipoR1 and AdipoR2 are
expressed on all PBMC subsets, but mainly on B-cells, NK-cells and monocytes. Our data are in
agreement with previous studies that demonstrated AdipoR expression on PBMC subsets (Shen et
al., 2007; Pang and Narendran, 2008; Chimen et al., 2015). Gene expression of AdipoR1 and
AdipoR2 were previously demonstrated in human monocytes with AdipoR1 more abundant than

AdipoR2 (Chinetti et al., 2004), which is consistent with our data showing the higher protein

97



expression of AdipoR1 not only on monocytes but also on B cells and NKs from healthy people.
Later, Pang et al, extended the previous data, by indicating the protein and mRNA expression of
AdipoR1/R2 on B cells and T cells (Pang and Narendran, 2008) and Chimen et al, also reported a
high expression of AdipoRs on B cell Chimen et al., 2015). Although earlier studies focus on
immunoregulatory role of adiponectin the myeloid-monocytic lineage, the presence of adiponectin

receptors on lymphocyte subsets indicates a wider immunomodulatory capacity for adiponectin.

3.3.2 Measurement of lymphocyte transmigration in vitro

Here, we measured the lymphocyte recruitment using our in vitro static transmigration
assay. Transmigration of PBLs has already been studied on activated HUVEC and HDMEC in
both static and flow-based assays (Chimen et al., 2015). Static transmigration assay is easy to set
up. However, it does not allow to analyse dynamic aspects of the leukocytes behavior such as
capture from flow and rolling along endothelium (McGettrick et al., 2009). We stimulated the
BEC with cytokines to mimic inflammatory environment to ensure efficient PBL adhesion and
transmigration across the endothelium. Indeed, the activation of endothelial cells with TNF-o and
IFN-y has been found necessary for efficient recruitment of PBLs (McGettrick et al., 2009) as it
induced proper CAMs upregulation and chemokines response in endothelium (CXCL9-11) to
support PBL adhesion and transmigration (McGettrick et al., 2009). In fact, adhesion and
transmigration of PBL in cytokine activated BEC were demonstrated in 6-8 minutes after their
addition to BEC monolayer (McGettrick et al., 2009). In our study we focused on transmigration

of lymphocytes as PEPITEM pathway is T cell specific (Chimen et al., 2015).
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3.3.3 Evidence on immunomodulatory effects of adiponectin

Many of previous studies have shown the protective effects of adiponectin on vascular
health as described in introduction (section 1.8.6). However, only few of them investigated the
role of adiponectin in the regulation of leukocytes trafficking. Intravital microscopy data from
adiponectin-knock out (Ad”") mice showed a significant increase in leukocyte-endothelium
interactions, as absence of adiponectin enhanced the monocyte rolling and increased the monocyte
adhesion in the microcirculation (Ouedraogo et al., 2007). This was attributed to reduced levels of
endothelial NO in absence of adiponectin (Ouedraogo et al., 2007). Moreover, their
immunohistochemistry data showed that adiponectin deficiency was associated with increased
expression of CAMs (E-selectin and VCAM-1) in the aortic vascular endothelium of mice
(Ouedraogo et al., 2007). Interestingly, systemic administration of the globular adiponectin to
these knock out mice, significantly decreased the CAMs expression and also monocyte-
endothelium interactions, and restored the production of physiologic levels of endothelial NO in
aortic endothelium (Ouedraogo et al., 2007). Collectively the authors suggested a potential
pharmacologic role of adiponectin in regulating leukocyte-endothelium interactions by modulating

the endothelial NO levels (Ouedraogo et al., 2007).

Relevant to our study, the role of adiponectin in the regulation of lymphocyte trafficking
across HUVEC was previously investigated by Chimen et al, for the first time (Chimen et al.,
2015). They have shown that AdipoR1/R2 expressed by B cells triggers an anti-inflammatory
pathway inhibiting lymphocyte migration across endothelial cells, which is in agreement with our
data showing 1 hour adiponectin treatment of PBLs inhibit their migration through inflamed BEC
instead of HUVEC. Here we examined the performance of both juvenile and adult BEC in response

to adiponectin in order to optimise our in vitro model for future experiments. Indeed, there is no

99



evidence supporting the advantage of using juvenile versus adult BEC for in vitro experiments.
However, there are studies showing age related modulation of endothelial cells that would affect
their behaviour in response to cytokines: for example, protein expression of P-selectin and VCAM-
1 in aorta of 24-month-old rats were reported higher compared to 6-month-old rats, which was
along with increased levels of myeloperoxidase used as a marker for leukocyte infiltration,
suggested a higher cytokine response in older endothelium (Zou et al., 2006). Furthermore, there
is evidence showing the decreased levels of NO in old cultured HUVEC compared to young
HUVEC (Yoon et al., 2010). Since the endothelial NO levels have been shown to be associated
with CAMs levels as discussed previously (Ouedraogo et al., 2007) In our study, we observed
slightly higher levels of PBL adhesion in adult BEC compared to juvenile, which might be due to
stronger reaction of adult BEC to cytokine treatment. However, the transmigration of PBL were
not affected by the age of BEC, suggesting age related modulation of CAMSs rather than

chemokines support PBL recruitment in adult BEC.

In addition to age related discrepancies in endothelial cells, there are also evidence showing
organ-specific heterogeneity in endothelial reactivity to inflammatory stimuli as well (Molema,
2010; Gunawardana et al., 2021). In a very recent study investigating tissue specific response of
vascular endothelial cells to inflammation in vitro observed the highest adhesion of PBMC subsets
(T cell, B cells and monocytes) to human aortic endothelial cells in response to 4 hours TNF-a
stimulation compared to other vascular beds from liver, lunge, and renal, and this was associated
with the highest VCAM-1 expression in human aortic endothelial cells (Gunawardana et al., 2021).
This study further supports the idea that tissue-specific endothelial heterogeneity results in unequal

inflammatory response in vasculature.
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In addition to heterogeneity in endothelium function, there are some leukocyte-associated
factors in different cohorts that may affect their interaction with endothelium. For example and
relevant to our study, it has been shown that the AdipoR expression are decreased during ageing
process (Chimen et al., 2015). As these receptors initiate the PEPITEM pathway, therefore
including participants with different ages may affect the result of experiment. Similarly, other
factors, such as age-related increase in expression of LFA-1 on lymphocytes (Powers et al., 1992),
which plays an important role in T cells recruitment, might affect the study. Furthermore, sexual
dimorphisms may cause some discrepancies in experimental results as reported in many studies
(Chaves-Pozo et al., 2012; Kay et al., 2015). Females are reported to demonstrate relative
protection from inflammatory conditions (Kay et al., 2015), as a murine zymosan-induced
peritonitis model revealed that female C57BL/6 mice recruited lower levels of monocytes and
neutrophils into peritoneum compared to male mice (Kay et al., 2015). Given that adiponectin
levels were shown to change upon sexual maturation, sex related discrepancies might be taken into

consideration in studies.

3.3.4 Anti-inflammatory effects of adiponectin acting on BEC

For the first time, we could show that the inhibitory effect of adiponectin in T cell migration
is not only mediated through PBL, but also through acting on BEC, which led us to consider the
involvement of adiponectin receptor expressed on BEC. There are previous evidence showing the
expression of AdipoR1/R2 and CDH13 on endothelial cells and that they mediate protective effects
of adiponectin (Takeuchi et al., 2007). For example Zhang et al, showed overexpression of

AdipoR1/R2, induced via adenovirus, in TNF-a—stimulated HUVEC resulted in decreased
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expression of ICAM-1 and NF-«B activation (Zhang et al., 2009). In addition, in vivo data from
same study showed that overexpression of AdipoR1/R2 in carotid arteries of rat significantly
reduced the expression of ICAM-1 in vivo (Zhang et al., 2009). Later study by Zhao et al, reported
the presence of AdipoR1 on HUVEC rescues the endothelial cells from HG induced apoptosis via
activating AMPK (Zhao et al., 2011). Overall, these studies provide evidence for the fact that
adiponectin is able to exerts its protective and anti-inflammatory effects via acting on BEC through

binding to AdipoR1/R2.

There are also evidence supporting the absence CDH13 independently results in vascular
problems due to a lack of adiponectin signaling (Denzel et al., 2010). Using CDH13 knock out
mice, Denzel et al, showed that in the absence of CDH13, adiponectin failed to accumulate in
cardiac tissue and that this was associated with higher levels of adiponectin in circulation (Denzel
et al., 2010). In addition, both CDH13 deficient and adiponectin deficient mice showed the same
levels of infarct size in cardiac tissue (Denzel et al., 2010). This was further supported with another
in vivo study where they investigated the role of CDH13 in a mice model of hind limb ischemia
where blood flow was disrupted surgically in one limb (Parker-Duffen et al., 2013). They found
that CDH13 deficiency in this model resulted in an impaired blood flow recovery compared with
wild-type controls, similar to what they observed in adiponectin deficient model of these mice
(Parker-Duffen et al., 2013). Furthermore, administration of exogenous adiponectin to adiponectin
knock out mice was able to improve the revascularization in these mice (Parker-Duffen et al.,
2013). However, this treatment strategy had no effect in CDH13 knock out mice. These data
together demonstrates that adiponectin’s protective functions is highly depend on CDHI13 in

different vascular beds.
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In our study, to ensure the involvement of CDH13 and AdipoRs in T cell migration, we
proceeded to measure the pathway in absence of AdipoR1/R2 and CDH13 in BEC as we have
shown expression on these cells. Previously, preliminary data from our group (M. Chimen and M.
Hussain) showed that the inhibitory effects of adiponectin on PBL migration was lost upon CDH13
and AdipoRs combined knock-down in BEC. Here, as no receptor antagonists for CDH13 or
adiponectin receptors were available at the time of investigate, we opted to use sSiRNA knockdown
the CDH13, AdipoR1 or R2 individually to investigate their roles in lymphocyte trafficking. Our
data demonstrates the ability of these receptors to individually influence PBL migration and thus
potentially impact on the PEPITEM pathway and for the first time our study highlight s an

important capacity of CDH13 in regulating leukocyte trafficking.

3.3.5 Adiponectin-CDH13 interaction

Although many studies confirmed the importance of CDH13 in protective effects of
adiponectin, alterations in CDH13 expression in inflammation is not clear. To address this, we
tried to measure both surface and intracellular expression of CDH13 in base line and activated
BEC with TNF-a and IFN-y. Preliminary (unpublished) flow cytometry data from our lab (M.
Chimen and M. Hussain), with n=1 experiment, has shown that CDH13 surface expression was
decreased in inflamed HUVEC and adiponectin treatment of HUVEC increase the surface amount
of CDH13, suggesting that CDH13 is shed upon inflammation and that supplementation of BEC
with adiponectin was able the keep the CDH13 in surface of the endothelial cells and rescue it
from being shed. This was further supported by a western blot data (unpublished) from our group

(J. Reyat) where he showed increased protein amount of CDH13 in the supernatant of cytokine
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treated endothelial cells compared to unstimulated, suggesting that CDH13 is shed during
inflammation. These preliminary data are consistent with our hypothesis that, CDH13 binds to
adiponectin on surface of endothelial cells and presented the adiponectin to AdipoRs on B cells to
trigger the PEPITEM pathway. Here we tried to reproduce these experiments with more N
numbers, however our flow cytometry data does not agree with these preliminary data, as we
observed an increased surface expression of CDH13 in stimulated BEC, which does not agree with
CDH13 being shed in inflammation. Indeed, in our study, first we failed to obtain a valid data from
surface expression of CDH13 using flow cytometry, since we saw a dramatic reduction in BEC
population. Later we optimised our protocol by staining BEC in plates and we achieved adequate
population in flow cytometry. However, these discrepancies between our data, and previous
preliminary data obtained in our lab, might be related to the source of adiponectin, or the type of
endothelial cells were used in our study as previous experiments were done on HUVEC which

might function differently compared to BEC.

In agreement with our flow cytometry data, overexpression of CDH13 on endothelial cells
was shown in oxidative stressed HUVEC using immunohistochemistry, where they interpret this
elevation as a protect against stress-induced apoptosis (Joshi et al., 2005). Later the same group
provided evidence that oxidative stress induced-CDH13 on endothelial cells can be shed from
endothelial cells in amounts indicating the extent of activation or damage (Philippova et al., 2011).
Indeed they showed higher levels of CDH13 in culture medium from stressed/apoptotic HUVEC
compared to normal proliferating HUVEC using immunoblotting (Philippova et al., 2011). Very
recent research has described a different mechanism for CDH13 signalling, reporting
internalization of adiponectin through endosomal system after binding to CDH13 on surface of F2

endothelial cells (CDH13-expressing cells), and accumulation in site of exosome generation inside
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multivesicular bodies (Obata et al., 2018). This study interpreted adiponectin protective effects
through its contribution to biogenesis and release of exosomes containing ceramides, which were
dependent on CDH13, but not on AdipoR1 or AdipoR2 expression in F2 endothelial cells, as
knockdown of AdipoR1 or AdipoR2 in these cells had no effect on adiponectin-stimulated
exosome production (Obata et al., 2018). That said, this would appear to be an unlikely mechanism

to explain our data, as we find higher surface expression upon inflammation.

There are studies showing colocalization of CDH13 and adiponectin at cellular levels;
Adiponectin was not detected in myocytes of CDH13 deficient mice (Parker-Duffen et al., 2013).
However, absence of AdipoR1/R2 had no effect on cellular levels of adiponectin (Parker-Duffen
et al., 2013)., suggesting that CDH13 is essential for adiponectin localization. To examine this
activity in endothelial cells in our study, we tried to evaluated interaction of adiponectin and
CDH13 at cellular levels using confocal imaging, however we saw no effects of adiponectin in
cellular levels of CDH13. Indeed, our antibodies were not optimal enough as we found localization
of CDH13 in nucleus, which was not expected, and we were not able to make any definitive
conclusions on this. Further in vitro experiments with different secondary antibodies are needed
to optimise this experiment in future, as the staining should not be nuclear as demonstrated in other
studies. Once we had validated antibodies, additional conditions with knock down of CDH13 and

AdipoRs could be undertaken to help us to investigate the role of CDH13 in adiponectin signalling.

3.3.6 Limitation

This study has limitations as our static in vitro assay did not allow us to analyse dynamic

behaviour of leukocytes. Therefore, reproducing the data using flow assay would reflect the data
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in a more physiological context. Moreover, the transfection of BEC with siRNAs caused a
reduction in BEC population, which might have affected the transmigration and flow cytometry
data. Thus, using better blocking options like antagonists of receptors would improve the data in

these experiments.

3.3.7 Conclusion

We demonstrated that adiponectin prevents lymphocyte trans-endothelial migration by
acting on PBL and directly on BEC. Our study also demonstrated a crucial role of CDH13 in
regulating the trans endothelial migration of lymphocytes via PEPITEM pathway. However, our
study does not provide a mechanism of effect for CDH13, and more in vitro experiments are

needed to clarify the signal transduction of the CDH13.
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4 AN EXAMINATION OF IMMUNOMODULATORY
EFFECT OF HIGH GLUCOSE, METFORMIN AND,
INSULIN
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4.1 Introduction

Hyperglycaemia has been identified as a main factor in the development of diabetic
microvascular disease (Morigi et al., 1998), but the mechanisms responsible for the toxicity of
hyperglycaemia on endothelial functions and their implication for cell-cell interaction in the
microcirculation are not clear (Morigi et al., 1998). Previous studies have shown increased
endothelium-leukocyte interaction in hyperglycaemic conditions in vitro (Kumar et al., 2014) and
in vivo (Booth et al., 2001). However, most studies in this area have studied the whole leukocyte
population, whilst the effect of HG on lymphocyte migration remains unclear. In this chapter we
explored the effects of HG on PBL interactions with the endothelium and on the ability of
endothelium to support these interactions. Since metformin and insulin are widely used in patients
with T2DM for their glycaemic control and beneficial vascular effects, we also studied their effects
on leukocyte-endothelium interactions. To investigate the mechanisms of action in
hyperglycaemia we evaluated the expression of adhesion molecules on BEC. Finally, since
AdipoRs expression on B cells from T1DM patients was decreased limiting their production of
PEPITEM (Chimen et al., 2015), we hypothesised that hyperglycaemia decreases the expression
of AdipoRs and therefore the PEPITEM pathway in T2DM. Using an in vitro experiment, we
evaluated the expression of AdipoRs on B-cells and other subsets of PBMCs following treatment

with HG, metformin and/or insulin.

4.2 Results

4.2.1 Effect of HG on PBL adhesion and migration
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HG has been shown to increase expression of pro-inflammatory cytokines in T cells, which
lead to leukocyte activation and adhesion (Kumar et al., 2014). To determine whether
hyperglycemia affects PBL transmigration in healthy controls, we used an in vitro human vascular
tissue model to study the sole effect of HG treatment on either lymphocyte or endothelial cell
behavior. Pre-treating BEC with HG for 24 hours had no effect on PBL adhesion (Figure 4.1-A),
but significantly reduced PBL transmigration when compared to BEC treated with normal glucose
(Figure 4.1-B). In contrast, pre-treating PBL with HG for 1 hour had no effect on their adhesion
or their migration (Figure 4.1-C and D). However, exposing the PBL to HG for 24 hours
significantly increased both their adhesion (Figure 4.1-E) and migration when compared to the
cells treated with normal glucose (Figure 4.1-F). Thus, suggesting that HG differently affects the

endothelium and PBL behavior to influence lymphocyte trafficking.

4.2.2 Effect of Metformin on PBL adhesion and migration

Metformin is widely used for the treatment of T2DM and acts primarily by reducing the
hepatic glucose output and improving insulin sensitivity (Cameron et al., 2016). However, in both
experimental and clinical studies metformin is associated with anti-inflammatory response, which
is exerted irrespective of its anti-hyperglycaemic properties (Hattori et al., 2015; Cameron et al.,
2016). To determine whether metformin could influence lymphocyte recruitment in a normal
glucose environment, we pre-treated either BEC or lymphocytes prior to assessing PBL adhesion
and migration to TNF-o/IFN-y-stimulated BEC. Metformin treatment of either cell type had no
effect on PBL adhesion to or migration through TNF-o/IFN-y-stimulated BEC (Figure 4.2),
indicating metformin does not regulate endothelium-lymphocyte interaction under normal glucose

conditions.
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Figure 4. 1 The effect of high glucose treatment on lymphocyte recruitment to inflamed endothelium.
BECs were cultured for 24 hours prior to stimulation with TNF-a/IFN-y and exposed to normal (5SmM; NG)
or high dose (30mM; HG) for 24 hours. PBLs were isolated, (A, B) left untreated or (C-F) treated with NG
or HG for (C, D) 1 hour or (E, F) 24 hours. PBLs (1 x 10° cells/ml) were added to BEC and allowed to
adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired
and analysed offline. (A, C, E) The number of adherent PBLs expressed as the number of cells/mm?2/10°
cells added. (B, D, F) Lymphocyte transmigration expressed as the percentage of adherent cells that had
transmigrated. Data are shown as mean + SEM for n = 6 independent experiments, using 2 different BEC
donors and 6 different lymphocyte donors. *= p<0.05 and ** = p<0.01 by paired t-test compared to NG.
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Figure 4.2 The effect of metformin treatment on lymphocyte recruitment to inflamed endothelium.
BECs were cultured for 24 hours prior to stimulation with TNF-o/IFN-y in the (C-F) absence or (A, B)
presence of metformin at 20 puM, 200 uM and 2000 pM (2mM) for 24 hours. PBLs were isolated, (A, B)
left untreated or (C-F) treated with metformin at 20 uM, 200 uM and 2000 uM for (C, D) 1 hour or (E, F)
for 24 hours. PBLs (1 x 10° cells/ml) were added to BEC and allowed to adhere and migrate for 6 minutes
30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed offline. (A, C, E) The
number of adherent PBLs expressed as the number of cellssmm?/10° cells added. (B, D, F) Lymphocyte
transmigration expressed as the percentage of adherent cells that had transmigrated. In A-F, ANOVA
showed no effect of metformin concentration on PBL adhesion or transmigration. Data are shown as mean
+ SEM for n = 3 independent experiments, using 1 BEC donor and 3 different lymphocyte donors.
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1.1.1 The effect of metformin or high glucose treatment on monocyte or neutrophil

recruitment to inflamed endothelium

Hyperglycemia-induced endothelial cell dysfunction in diabetes has been reported to
enhance the leukocyte interaction with endothelium leading to vascular inflammation (Burlet and
Jain, 2013; Sundararajan et al., 2019; Wang et al., 2019). One of the earliest events in this
inflammatory process is increased binding of neutrophils (Berezin, 2019) and monocytes (Babu et
al., 2012) to endothelial cells. Here, pre-treating BEC with HG or metformin had no effect on
monocyte (Figure 4.3) or neutrophil (Figure 4.4) adhesion to or migration through TNF-o/IFN-y-
stimulated BEC. These data suggest the effects of HG are specific to lymphocyte recruitment,
whilst once again metformin treatment is unable to not modulate leukocyte recruitment,

specifically monocyte or neutrophil recruitment.

4.2.3 Combined effect of high glucose and metformin treatment on lymphocyte

recruitment to inflamed endothelium

Although metformin treatment of either BEC or PBL had no effect on lymphocyte
recruitment in a normal glucose environment (Figure 4.2), we tested whether metformin could
influence the PBL recruitment post HG treatment. Metformin treatment of BEC post HG treatment
had no effect on PBL adhesion (Figure 4.5-A), but significantly increased lymphocyte
transmigration back to the levels observed on BEC cultured in normal glucose (Figure 4.5-B). In
contrast, metformin treatment of PBL post HG treatment had no effect on their adhesion to or
migration through TNF-o/IFN-y-stimulated BEC (Figure 4.5-C and D). These data indicate that

metformin treatment of BEC restores the lymphocyte transmigration to control levels.
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Figure 4.3 The effect of metformin or high glucose treatment on monocyte recruitment to inflamed
endothelium. BECs were cultured for 24 hours prior to stimulation with TNF-o/IFN-y and exposed to
normal glucose in absence (5mM; NG) or presence of metformin (200 uM, 2000 uM) or high glucose
(30mM; HG) for 24 hours. Purified monocytes (1 x 106 cells/ml) were added to BEC and allowed to adhere
and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and
analysed offline. (A) The number of adherent monocytes expressed as the number of cells/mm?/10° cells
added. (B) Monocyte transmigration expressed as the percentage of adherent cells that had transmigrated.
In A-B, ANOVA showed no effect of treatment on monocyte adhesion or transmigration. Data are shown
as mean = SEM for n = 5 independent experiments, using 2 different BEC donors and 5 different blood

donors.
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Figure 4.4 The effect of metformin or high glucose treatment on neutrophil recruitment to inflamed
endothelium. BECs were cultured for 24 hours prior to stimulation with TNF-o/IFN-y and left at normal
glucose (NG) or exposed to metformin (200uM, 2000uM) in normal glucose or high glucose only (30mM,;
HG) for 24 hours. Neutrophils (1 x 106 cells/ml) were added to BEC and allowed to adhere and migrate for
6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed offline. (A)
The number of adherent neutrophils expressed as the number of cells/fmm?/10° cells added. (B) Neutrophil
transmigration expressed as the percentage of adherent cells that had transmigrated. In A-B, ANOVA
showed no effect of treatment on neutrophil adhesion or transmigration. Data are shown as mean + SEM
for n = 5 independent experiments, using 2 different BEC donors and 5 different blood donors.
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Figure 4.5 Combined effect of high glucose and metformin treatment on lymphocyte recruitment to
inflamed endothelium. BEC were stimulated with TNF-a/IFN-y in (C, D) normal or (A, B) high glucose
(HG) for 24 hours, followed by metformin treatment (20uM and 200uM) for 4 hours. PBLs were isolated
and (A, B) left untreated or (C, D) treated with HG for 24 hours, followed by metformin treatment (20 uM,
200 uM) for 4 hours. PBLs (1 x 10° cells/ml) were added to (A, B) treated or (C, D) untreated BEC and
allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were
acquired and analysed offline. (A, C) The number of adherent PBLs expressed as the number of
cells/mm?/10° cells added. (B, D) Lymphocyte transmigration expressed as the percentage of adherent cells
that had transmigrated. In B, ANOVA showed a significant effect of metformin on lymphocyte migration;
P<0.001. Data are shown as mean = SEM for n = 4 independent experiments, using 1 BEC donor and 4
different lymphocyte donors. ***=P<0.001 compared to HG, no metformin treatment by Dunnett post-test.
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4.2.4 Effect of Insulin on PBL adhesion and migration

Insulin is one of common treatment options for many patients with T2DM (Cahn et al.,
2015). Alterations in insulin regulation are shown to compromise the immune function in T2DM
(Xiu et al., 2014). Insulin exerts its effects on immune cells by binding to the insulin receptor,
which is extensively expressed on neutrophils and monocytes/macrophages (Gyurko et al., 2006).
There are controversial findings regarding the effects of insulin on leukocyte trafficking: Insulin
was reported to increased neutrophil-endothelial interaction; while it was shown to reduce
monocyte adhesion to endothelium in vivo (Okouchi et al., 2002). To our knowledge, there are no
studies showing the direct effects of insulin on lymphocyte recruitment. We found that insulin
treatment of either BEC or PBL had no effect on PBL adhesion to or migration through TNF-
o/IFN-y-stimulated BEC (Figure 4-6), indicating insulin is unable to regulate endothelium-

lymphocyte interaction under normal glucose conditions.

4.25 Combined effect of high glucose and insulin treatment on lymphocyte recruitment

to inflamed endothelium

We showed no effects of insulin on PBL recruitment through the inflamed endothelium in
NG environment. Next, we aimed to investigate whether insulin could influence the PBL
recruitment post glucose treatment. Insulin treatment of BEC post HG treatment had no effect on
PBL adhesion (Figure 4.7-A), but significantly increased lymphocyte transmigration back to the
levels observed on BEC cultured in normal glucose (Figure 4.7-B). In contrast, insulin treatment
of PBL post HG treatment had no effect on their adhesion to or migration through TNF-a/IFN-y-
stimulated BEC (Figure 4.7-C and D). These data indicate that insulin treatment of BEC restores

the lymphocyte transmigration to control levels.
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Figure 4.6 The effect of insulin treatment on lymphocyte recruitment to inflamed endothelium. BEC
were cultured for 24 hours prior to stimulation with TNF-o/IFN-y in the (C and D) absence or (A and B)
presence of insulin at 10”"M/L for 24 hours. PBLs were isolated, (A, B) left untreated or (C, D) treated with
insulin at 10"M/L for 24 hours. PBLs (1 x 10° cells/ml) were added to BEC and allowed to adhere and
migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed
offline. (A, C) The number of adherent PBLs expressed as the number of cells/mm?/10° cells added. (B, D)
Lymphocyte transmigration expressed as the percentage of adherent cells that had transmigrated. In A-F,
ANOVA showed no effect of insulin concentration on PBL adhesion or transmigration. Data are shown as
mean £ SEM for n = 4 independent experiments, using 1 BEC donor and 4 different lymphocyte donors.
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Figure 4.7 Combined effect of high glucose and insulin treatment on lymphocyte recruitment to
inflamed endothelium. BEC were stimulated with TNF-a/IFN-y in (C, D) normal or (A, B) high glucose
(HG) for 24 hours, followed by insulin treatment (10”'"M/L) for 24 hours. PBLs were isolated and (A, B)
left untreated or (C, D) treated with HG for 1 hours, followed by insulin treatment (10"M/L) for 1 hours.
PBLs (1 x 10° cells/ml) were added to (A, B) treated or (C, D) untreated BEC and allowed to adhere and
migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed
offline. (A, C) The number of adherent PBLs expressed as the number of cells/fmm?/10° cells added. (B, D)
Lymphocyte transmigration expressed as the percentage of adherent cells that had transmigrated. In A and
B, ANOVA showed a significant effect of insulin on lymphocyte migration; Data are shown as mean +
SEM for n = 4 independent experiments, using 1 BEC donor and 4 different lymphocyte donors*= p<0.05,
**=P<0.01 and ***= P<0.001, compared to HG treatment by Dunnett post-test.
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4.2.6 Effects of high glucose or metformin on the expression of AdipoR1/2 on PBMC

subsets

Reduced AdipoRs expression on B cells from patients with TIDM (Chimen et al., 2015)
led us to hypothesise that the regulatory PEPITEM pathway is also modulated in T2DM
individuals. Therefore, we tested if HG or metformin could modulate the pathway by influencing
the AdipoRs expression on B cells of healthy donors. We previously showed that AdipoRs are
mainly expressed on B cells, NK-cells, and monocytes. We found no difference in surface
expression or frequency of AdipoR1/2 in leukocyte subsets following 24 hours treatment with HG
or metformin under normal glucose conditions (Table 4.1). Suggesting HG and/or metformin does

not influence lymphocyte recruitment through modulating AdipoRs.

4.2.7 Combined effect of high glucose and metformin on adiponectin receptors expression

by PBMCs subsets

Since the metformin showed no effect on surface expression or frequency of AdipoR1/2 in
leukocyte subsets in NG condition, we tested the effect of metformin on expression of these
receptors post HG treatment of PBL. As shown in Table 4.2, metformin treatment of PBL had no

significant effects on AdipoR1/R2 expression on B cells, NKs and monocyte populations.

4.2.8 Combined effect of high glucose and insulin on adiponectin receptors expression by

PBMCs subsets
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To investigate the combined effect of HG and insulin on adiponectin receptors expression, we did
slightly different experiment. We exposed the PBL to HG only for 1 hour, followed by 1 hour
insulin treatment. In B cells, glucose treatment for 2 hours (which was used as a HG control)
significantly increased the surface expression of AdipoR1 (Figure 4.8-A), and AdipoR2 (Figure
4.8-A) compared to NG. We observed no difference in AdipoR1/R2 expression in insulin treated
compared to HG group (Figure 4.8). We also found no significant difference in AdipoR1/R2
expression in NKs and monocyte population (Figure 4.8-E) Indicating insulin is not able to

modulate AdipoRs in HG condition.
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Table 4.1 Effect of high glucose and metformin treatment on Adiponectin receptors expression by PBMCs subsets.

AdipoR1 AdipoR2
MFI Frequency MFI Frequency
Leukocyte | Condition Fresh blood Leukocyte Fresh blood Leukocyte cone Fresh blood Leukocyte cone Fresh blood Leukocyte
subset cone cone
Baseline 111.3+£13.64 222.6 £58.87 | 74.42 +2.761 | 83.67 +2.338 115.2 + 37.06 99.08 +£40.73 71.95 £ 4.499 74.50 = 2.802
B cell NG 71.22 £ 20.04 100.6 £28.07 | 73.20 £3.439 | 72.50 £ 6.062 32.27 £9.476 65.14+9.663 61.78 £ 6.659 65.07 £2.130
HG 93.64 + 39.56 64.44 £18.51 | 71.43 £2.454 | 69.57 +4.921 31.42 £7.349 58.14 £ 21.58 58.10 £ 5.776 65.40 £ 11.51
Metformin | 105.2 £ 23.23 86.14 £9.975 | 73.98 £2.574 | 71.17 + 3.835 41.74 £10.93 42.97+11.57 61.40 £4.793 63.90 £ 2.801
(200 pM)
Metformin | 56.94 + 19.66 80.78 £33.38 | 66.63 +2.360 | 72.93 + 3.205 40.97 + 15.58 51.29 + 20.32 58.06 + 3.426 63.00 = 6.409
(2000 pM)
Baseline 252.3£72.26 324.5+£52.44 | 85.21 £2.667 | 86.78 +2.914 112.4 +60.71 167.0 £ 131.7 85.73 £ 2.586 85.43 £ 2.589
Monocyte | NG 241.6 £ 58.45 166.0 +41.86 | 73.05+1.552 | 86.80 = 1.457 72.70 £31.11 82.57 £45.53 60.43 £8.173 79.85 £6.138
HG 185.9 £42.05 136.6 £+ 25.22 | 72.58 £ 2.071 | 84.40 = 4.055 46.13 £ 14.91 58.18 £ 25.35 62.63 + 2.855 76.72 £11.42
Metformin | 330.0 £ 37.63 302.8£73.34 | 73.45+1.291 | 89.18 +0.5862 | 52.48 = 7.105 122.3 +67.75 64.65 + 3.452 81.18 £5.817
(200 pM)
Metformin | 168.3 + 18.69 130.6 £+21.73 | 71.23+3.658 | 87.13+£1.571 73.03 £ 19.75 136.9 £ 81.37 63.35 £ 4.804 77.18 £10.19
(2000 puM)
Baseline 131.5 + 31.50 185.2 £ 62.41 | 78.98 £6’018 | 80.66 + 3.567 62.67 £ 11.71 38.05 + 1.567 76.08 £ 2.762 75.46 * 3.666
NK NG 77.95 £ 27.62 121.2 +24.49 | 67.25+5.433 | 65.95+13.69 27.35+11.08 38.01 £ 7.557 64.23 £ 3.943 59.18 £ 9.122
HG 74.35 £ 25.51 90.42 £12.75 | 66.14 £4.436 | 68.08 + 14.47 21.63 £4.993 69.25 + 26.28 64.77 £ 3.943 59.12 £11.29
Metformin | 111.8 + 24.31 187.5+43.22 | 67.73£5.209 | 82.03 £4.975 36.07 £ 10.90 45.44 +18.44 63.43 £ 4.615 72.23 +2.225
200 pM
Metformin | 63.28 £ 21.05 41.85+41.85 | 66.20 +4.452 | 66.82 £ 13.06 28.37 £13.43 50.11 + 15.59 63.97 £ 3.89 58.68 + 9.045
(2000 pM)

AdipoR1 - Adiponectin Receptor 1; AdipoR2 - Adiponectin Receptor 2; HG — 30mM glucose; MFI — mean fluorescence intensity; NG — 5mM

glucose. ANOVA showed no significant effect of treatment on adiponectin receptor expression. Data are mean £ SEM for n = 7 independent

experiments, using 4 different blood donors and 3 different leukocyte cones.
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Table 4.2 Combined effect of high glucose and metformin on adiponectin receptors
expression by PBMCs subsets.

AdipoR1 AdipoR2
MFI Frequency MFI Frequency
B-cells Baseline 111.3+1.6 57.40+2.03 116.3+18.3 59.18+1.5
HG 94.8+18.3 55.87+5.1  46.66+12.9 59.2+1.1
HG+ metformin 98.1+13.2 57.1+65 58.77+65 58.86+1.4
Monocyte Baseline 146.75£19.4 85.7+1.19 92.8+14.8 84.4+2.7
HG 138.43+12.7 85.4+2.2 72.32+10.3 85.43+1.7
HG+ metformin 144.30+13.4 84.5+1.5 81.11+11.2 84.1+1.2
NKs Baseline 112.4+20.2 57.1+1.6 61.88+6.51 64+6.2
HG 94.2+13.1 55.6+2.3 55.87.4+13.6 66.01+4.4

HG+ metformin 110.02+20 57.8+1 64.76+16.6 64.22+8.6

AdipoR1 - Adiponectin Receptor 1; AdipoR2 - Adiponectin Receptor 2; HG — 30mM glucose; Metformin
200 uM; MFI — mean fluorescence intensity; ANOVA showed no significant effect of treatment on
adiponectin receptor expression. Data are mean £ SEM for n = 4 independent experiments, using 4 different
blood donors.
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Monocyte Baseline 146.75£19.4  85.7+1.19 92.8£14.8 84.4+2.7
HG 144.4+22.4 86.25+1.4 79.78+£25.78 84.38+1.44
HG+Insulin 123.65+20.29 87.4+0.4 67.73+30.9 84.39+1.8
NKs Baseline 112.4420.2 57.1x1.6 61.8846.51  6446.2
HG 104.2+14.7 59.40+3.77 58.25+9.25 6316

HG+Insulin 104.7£10.73  59.70+3.19 52.22 +9.22  60+6.3

Figure 4.8 Combined effect of high glucose and insulin on adiponectin receptors expression by
PBMCs subsets. PBMCs were isolated from whole blood and treated with HG (30mM) for 1 hour,
followed by insulin treatment (10'M/L) for 1 hours. AdipoRs expressions were measured using flow
cytometry and quantified as frequency of cells expression AR1/2 or MFI on (A-D) B-cells, (E) monocytes
and NKs. Data are mean + SEM from n=4 independent experiments using 4 different blood donors. ** =
p<0.01 and *** =p<(0.001 by Bonferroni’s multiple comparison posttest.
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4.2.9 Effect of high glucose, metformin, or insulin treatment on expression of endothelial

adhesion molecule

It is unclear by which mechanism hyperglycemia alters the function of vascular cells and
leukocyte trafficking in T2DM. There are evidence showing the variations in the expression of
adhesion molecules on the vasculature, enhancing leukocyte adhesion in patients with T2DM.
Here, we analysed whether the treatment of BEC with HG, metformin or insulin could modulate
the surface expression of the adhesion molecules ICAM-1, VCAM-1, and E-selectin. As expected,
we saw up-regulation of ICAM-1 (Figure 4.9-A) and VCAM-1 (Figure 4.9-C and D) in response
to cytokine treatment. Surface expression of E-selectin did not significantly change at this time
point (24 hour) (Figure 4.9-E). HG treatment of BEC increased surface expression of ICAM-
1(Figure 4.9-A) and frequency of both VCAM-1 (Figure 4.9-D) and E-selectin (Figure 4.9-F)
compared to BEC treated in normal glucose. Treatment with metformin had no significant effect
on surface expression or frequency of BEC expressing these adhesion molecules when compared
to TNF-a/IFN-y stimulated BEC control (Figure 4.9), indicating metformin does not modulate
adhesion molecules expression in NG condition. However, insulin treatment increased surface
expression (Figure 4.9-C) and frequency (Figure 4.9-D) of VCAM-1 compared to TNF-o/IFN-y
stimulated control BEC. Metformin or Insulin treatment of BEC post HG treatment had no effect
on surface expression or frequency of BEC expressing these adhesion molecules when compared

to TNF-o/IFN-y stimulated HG treated BEC (Figure 4.9).

We also analysed the gene expression of adhesion molecules in the same conditions we
tested for protein expression. We saw up-regulation of ICAM-1 (Figure 4.10-A), VCAM-1 (Figure
4.10-B) and, E-selectin (Figure 4.10-C) in response to cytokine treatment. However, we saw no

difference in gene expression of adhesion molecules in HG -cytokine stimulated BEC when
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compared to HG -unstimulated BEC (Figure 4.10). Treatment with metformin or insulin had no
significant effect on BEC expressing these adhesion molecules when compared to TNF-a/IFN-y
stimulated BEC control (Figure 4.10). Metformin or insulin treatment of BEC post HG treatment
had no effect on gene expression of adhesion molecules when compared to TNF-o/IFN-y
stimulated HG treated BEC (Figure 4-10). The data indicates that, HG suppresses gene expression

of adhesion molecules in response to cytokine stimulation.
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Figure 4-9. Effect of high glucose, metformin, or insulin treatment on surface expression of
endothelial adhesion molecule. BECs were stimulated with TNF-a/IFN-y in presence or absence of high
glucose (HG), metformin (200uM) or insulin (10’M) for 24 hours. For combined treatments, BEC were
stimulated with TNF-o/TFN-y in high glucose (HG) for 24 hours, followed by metformin (200uM) or insulin
treatment (10'M/L) for 24 hours.The surface expression of (A and B) ICAM-1, (C and D) VCAM-1 and
(E and F) E-selectin was measured by flow cytometry and quantified as median fluorescence intensity
(MFTI) or frequency of the cells expressing these molecules. In A, C,D and F, ANOVA showed a significant
effect of treatment on adhesion molecules surface expression; P<0.001. Data are shown as mean + SEM
for at least n = 5 independent experiments, using 2 different BEC donors. ***= p<0.001 by Dunnett posttest
compared to untreated BEC.

126



>
w
0

© 27 S 140 o -
o= Kkx o ‘E . o= l_|.
=5 = 5 120 2~ S5
154 [ ] () °
> ° . o © 1001 o 20, o o
c O ole 'YJ c O ° 25
c QO © O 80 <i0]
c +~— 104 [ ) c < c *(E
c I ° O < 60 c 3
=] ko] 204
S g 5 < E 40 % £
g mlimllm 2 T
S c
§ 0- L = S 0-
HG - - + + - + - + HG - + + -+ -+ HG - - + + - + - +
Metformin - - - - 4+ 4+ - - Metformin - - - - + + - -  Mefformin - - - - + +
Insulin - - - - - - 4 + Insulin - - - - - - + + nsulin - - - - - - + +

Figure 4.10 Effect of high glucose, metformin, or insulin treatment on gene expression of endothelial
adhesion molecule. BEC were stimulated with TNF-o/IFN-y in presence or absence of high glucose (HG),
metformin (200uM/ml) or insulin (10’M/L) for 24 hours. For combined treatments, BEC were stimulated
with TNF-o/IFN-y in high glucose (HG) for 24 hours, followed by metformin (200uM) or insulin treatment
(10"M/L) for 24 hours. The gene expression of (A) ICAM-1, (B) VCAM-1 and (C) E-selectin was
measured by qPCR and quantified as fold change to the unstimulated control. In A, B and C ANOVA
showed a significant effect of treatment on adhesion molecules gene expression; Data are shown as mean
+ SEM for n = 4 independent experiments, using 2 different BEC donors. ***= p<0.001 by Dunnett post-
test compared to untreated BEC.
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4.3 Discussion

In this chapter, we aimed to investigate how HG, metformin and insulin modulates the
PEPITEM pathway. Using an in vitro adhesion model, we found that HG significantly influenced
the ability of endothelial cells to support PBL transmigration, such that levels were much lower
those seen in normal glucose conditions. Interestingly, we observed no changes in surface
expression of adhesion molecule on BEC surface that would explain this reduction. Crucially this
effect was reversed by insulin supplementation, as would be the physiological response post
digestion, or supplementation with the T2DM treatment metformin. Thus, indicating
immunomodulatory effects of insulin and metformin. By contrast, HG treatment for 24 hours, but
not 1 hour, enhanced the adhesive and migratory properties of PBL on inflamed BEC, but this was
not altered by metformin or insulin. We found no changed in surface expression or frequency of

AdipoR1/2 on B cells in response to HG, metformin, or insulin to explain this increase.

We therefore propose that HG differently affects the endothelium and PBL behaviour to
support the lymphocytes transmigration through inflamed BEC. We also suggest metformin or
insulin treatment of BEC restores the lymphocyte transmigration to control levels, which should

clinically translate to decreased vascular complications that are commonly associated with T2DM.

4.3.1 Evidence of High Glucose actions on endothelial cells and mechanisms involved

Since the effects of hyperglycaemia on leukocyte-endothelium interactions have mostly been
investigated using in vivo animal models or in T2DM subjects, in which both leukocytes and
endothelium are simultaneously exposed to HG, there is currently very little evidence defining the

sole effect of HG on BEC or leukocytes behaviour to compare our results against. As such this
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discussion will focus on what evidence exists for endothelium or leukocytes responses to HG and
modulation by metformin and/or insulin. Indeed, the studies around the effect of HG on endothelial
cells and leukocyte recruitment are conflicting: In a recent study, cultured endothelial cells isolated
from mice injured tissue exposed to HG at 25 mM and TNF-a stimulation for 16 hours showed
decreased gene expression of ICAM-1 in HG-cytokine stimulated cells compared to NG-cytokine
stimulated (Qiu et al., 2020). No significant differences were detected among the non-activated
counterparts. This agrees with our data showing suppressed gene expression of ICAM-1 in
response to HG in activated endothelium. We similarly observed no change in gene expression of
ICAM-1 in response to HG in non-activated endothelium, indicating upregulation of adhesion
molecules gene expression in response to cytokine stimulation regardless of glucose concentration.
In contrast to our result showing unaffected neutrophils recruitment in HG treated BEC, the same
study also reported an attenuated neutrophil transmigration in HG treatment group using the
transwell system and was postulated to be due to reduced expression of ICAM-1 (Qiu et al., 2020).
Of note, ICAM-1 regulates BEC permeability in inflamed tissues (Han et al., 2016) and is known
to support leukocyte rolling, adhesion and transmigration across the endothelium (Sumagin et al.,
2008). Although the attenuation of CAMSs was only observed at mMRNA level in our study, there is
also report of this decreased at protein levels in response to HG (Bacun et al., 2008). An in vitro
study demonstrated, protein expression of ICAM-1 on human aortic endothelial cells after
treatment with 16.5 mM glucose for 4 hours was lower than with 12.0 mM glucose in respect to
5.5mM glucose, suggesting the cytotoxicity of glucose at high concentrations (Bacun et al., 2008).
Indeed, it has been demonstrate that exposure of HUVEC to HG at 30 mM (HG concentration used
in our study) for 48> hours can promote apoptosis compared to control cultures exposed to 5 mM

glucose; as measured by [*H] thymidine assays where increased DNA fragmentation was observed
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in HG treated HUVEC, suggesting potential endothelial damage by hyperglycemia in diabetic
patients (Baumgartner-Parzer et al., 1995). Our data adds further weight to these findings, where
HG treatment of BEC not only decreases gene expression of ICAM-1, but also reduces VCAM-1
and E selectin gene expression. However, this attenuation was not translated to protein levels
which is required for the function of these adhesion molecules. Therefore, reduced recruitment of
PBL in HG treated BEC cannot be due to modulation of CAMs expression in our study. More in
vitro experiments assessing other factors, such as chemokine response in HG condition, are needed

clarify the mechanism involved in this process.

In contrast to our findings with HG, there are studies showing the upregulation of CAMs in
response to transient HG conditions in vitro: Treatment of HUVEC for 48 hours with HG
(25 mM) shown to increase ICAM-1, VCAM-1 and E-selectin protein expression compared to
5mM NG control (Huang et al., 2019). In addition, both 12 and 24 hour treatment of HUVEC
with HG at 25 mM increased gene expression of these CAMs compared to NG control (Lo et al.,
2018). The effects of chronic HG (which is realistically exist in T2DM condition) on
inflammatory properties of endothelial cells were investigated by Ciortan et al. where using a 3D
model of human aortic valvular endothelial cells they showed increase gene expression of
VCAM-1 and E-selectin in endothelial cells after 14 days of HG (25 mM) treatment compared
to normal glucose (5 mM), (Ciortan et al., 2020). As the cell surface expression of CAMs on
endothelial cells can only be studied in vitro, discrepancies between these results may be related
to differences in the concentration of glucose, as well as the exposure time of endothelial cells to

glucose and the source of endothelial cells used in these experiments. Moreover, short-term
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experiments in vitro have their limitations and the effects of HG when used long-term in vivo
could differ from those observed in in vitro.

For the first time we shown that transient HG treatment of endothelium decreased
lymphocyte recruitment, which was reversed by metformin and insulin treatment back to normal
level. In fact, several studies have demonstrated that metformin and other hypoglycaemic drugs
protect the endothelium from the development of vascular impairment (Mather et al., 2001;
Arunachalam et al., 2014). However, the mechanisms for this effect remain unknown. Metformin-
mediated decrease in CAM expression has been implicated as a possible mechanism for such
effects (Abbasi et al., 2004). Metformin treatment of patients with T2DM for 12 weeks has been
shown to result in a significant decrease in plasma sV-CAM levels with no changes in sSICAM-1
and sE-selectin compared to baseline levels (Abbasi et al., 2004). As the soluble CAMs are
representative of their endothelial expression this suggests metformin’s capacity to modulate the
leukocyte recruitment. The combined effects of HG and metformin in vitro was investigated by
Bacun et al in human aortic endothelial cells; showing HG treatment of endothelial cells at 12.0
mM increased the expression of E-selectin, VCAM-1 and ICAM-1, and metformin (10 uM)
administration in the medium with 12.0 mM glucose for 4 hours additionally enhanced E-selectin
and VCAM-1 expression compared to effects of corresponding glucose concentration (Bac¢un et
al., 2008). In contrast and in same study, it was shown that metformin treatment of human aortic
endothelial cells (10 uM) in the medium with 16.5mM glucose for 4 hours had no significant effect
on protein expression of ICAM-1, E-selectin and VCAM-1 compared to effects of corresponding
glucose concentration (Bacun et al., 2008), which is in agreement with our findings demonstrating
no change in expression of CAMs by endothelial cells in response to metformin in HG condition.

However, in our study metformin administration was post glucose treatment of BEC and with
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higher concentration at (200 uM) but still in therapeutic range. We also used higher concentration
of glucose (30mM) with longer exposure time (24 hours) in our study. In fact, we showed that
short-term effect of metformin on CAMs expression on BEC in vitro is unlikely to provide the
mechanisms for metformin’s beneficial effects on cardiovascular complications in diabetes.
However, we cannot exclude a possibility that a long-term administration of metformin may result
in significant changes in CAM expression of BEC. Furthermore, since it is reported that decrease
in plasma soluble CAMs, such as E-selectin, is dependent on improvement in glycemia, this may
indicate that metformin in vivo effects could be indirect via glucose control in patients with T2DM.

Although insulin and metformin exert their effects via different signalling pathways, our
results demonstrated that insulin and metformin similarly influenced the endothelium supporting
the PBL recruitment. In physiological conditions, insulin is released in response to high blood
glucose post digestion and brings the blood sugar back to normal level by binding to insulin
receptors. However, in conditions like T2DM where insulin resistance is developed due to insulin
signalling inhibition, a series of immune responses occurs that exacerbate the inflammatory state,
which leads to hyperglycaemia (Berbudi et al., 2020). Thus, understanding the mechanisms by
which insulin acts would identify the cellular signalling network linking the immune system and
metabolism in T2DM. Several reports have investigated the role of hyperinsulinemia on the
endothelium (Federici et al., 2002; Taguchi et al., 2014), the condition which exists in T2DM. But
there is not much known about how insulin modulated the endothelium behaviour at physiological
concentrations. For the first time we showed that in HG environment, insulin at physiological
concentrations restores the endothelium function to support the lymphocyte transmigration.
Indeed, there are studies supporting the modulation of CAMs expression by insulin in vitro: Aljada

et al. reported decreased gene and protein expression of ICAM-1 on human aortic endothelial cells
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after exposing them to physiological concentrations of insulin (100 and 1000 pU/mL) for 2 days,
which was postulated due to an increase in endothelial nitric oxide synthase (NOS) expression
compared to non-insulin treated control (Aljada et al., 2000). As insulin increases NO
bioavailability, reduced CAMs expression after insulin treatment was expected in our study.
Contrary to expectations, we found that insulin-induced protein expression of one adhesion
molecule, VCAM-1, which might partly explain the slight but not significant increased adhesion
of PBL in insulin (10"M/L) treated BEC in NG condition. In agreement with our finding insulin
was shown to increase protein expression of selectively VCAM-1 on HUVEC at 10° to 107" M/L
concentrations in a dose dependent manner after 24 incubations (Madonna et al., 2004). Similar to
our results they found no change in protein expression of ICAM-1 and E-selectin under similar
conditions. To dissect potentially implicated signal transduction pathways, they individually
treated HUVEC with known pharmacological inhibitors of two distinct insulin signalling pathways
(P13’-kinase and MAP kinase) which were not investigated in our study. They could show that
30 minutes of pre-treatment with PI3’-kinase inhibitor potentiated the effect of insulin on VCAM-
1 surface expression compared to non-pre-treated cells (Madonna et al., 2004), which suggests
activation of MAP-kinase pathway at 10~ M/L concentration of insulin as used in our study.
Therefore, indicating that insulin might be important mediator in activation of endothelium and
progression of atherosclerosis in states of insulin resistance. In contrast to NG condition, BEC
differently responded to same concentration of insulin in HG condition in our study. Unchanged
expression of CAMs on BEC despite increased transmigration of PBLs in respond to insulin in
HG condition suggests that immunomodulatory effects of insulin were not mediated through
adhesion molecules or possibly activation of MAP kinase signalling pathway in our study.

However, evaluating only the CAMSs expression in our study was not optimal to investigate the
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mechanism of action for insulin. Thus, more in vitro studies using inhibitors for CAMs, MAP-
kinase and PI3’-kinase pathway are needed to clarify the possible mechanisms involved in HG

condition.

4.3.2 Evidence of High Glucose actions on leukocytes and mechanisms involved

Our in vitro model allowed us to separately evaluate the behaviour of BEC and leukocytes
in response to HG. Interestingly we observed an opposite effect of HG on lymphocyte - as both
adhesion and transmigration of PBLs were increased in response to 24 HG treatment suggesting
activation of lymphocytes in hyperglycaemic environment. In addition, this behaviour of PBLSs
was not affected by metformin or insulin supplementations of PBL post HG treatment. Indeed,
activation of lymphocyte in response to HG was shown in a previous in vitro study, where they
showed that HG treatment of Jurkat T-cells at 15mM increased their expression of IL-17, and
downstream signalling cascades resulted in the expression of TNF-o and chemokines CXCLS5,
CXCL1, IL-8, CCL2 (Kumar et al., 2014), which functionally increased their adhesion to HUVEC.
Here, our study lacks the information about whether HG modulates the expression of any
activation marker on lymphocytes, however it reflects the functional activation of PBLs in
response to HG. Increased expression of integrins LFA-1 and VLA-4, which are considered as
leukocyte activation marker, were reported higher on leukocytes of patients with T2DM compared
to healthy control (Stulc et al., 2012). Since firm adhesion of lymphocytes is only possible if the
right signals activate these integrins on lymphocytes so that they bind their endothelial cell borne
receptors ICAM-1 and VCAM-1 (Shamri et al., 2005), it would be worth investigating the
expression of these integrins in HG condition in the future experiments. Therefore, in our study in

the absence of any discernible changes in CAMs expression by BEC in response to HG, we
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anticipate that HG might be acting on the signalling process that modulates integrin function in

lymphocytes.

Although our results demonstrate no modulatory effects of metformin and insulin on PBL
behaviour in HG condition, there are studies reporting lymphocyte-suppressing effects of
metformin in T2DM patients where administration of metformin at higher dose of 3 gr/day and 1
gr/day for 3 month decreased lymphocyte (Krysiak and Okopien, 2012) and monocyte (Krysiak
and Okopien, 2013) release of IFN-y and TNF-a respectively compared to placebo. However, the

behaviour of these leukocytes was not looked and compared in these studies.

Like metformin, insulin at physiological concentration did not affect the PBL recruitment
in HG environment. Since in patient with T2DM glucose homeostasis is impaired and
hyperinsulinemia has developed, leukocytes are exposed to pathophysiological concentrations of
insulin in these subjects and to mimic their behaviour using in vitro experiments with higher

concentrations of insulin are needed.

Investigating the possible mechanisms modulating leukocyte recruitment in HG condition,
we also looked at the expression of AdipoR1/R2 on B cells of HG treated PBMCs as these
receptors are important part of the PEPITEM pathway and binding to adiponectin they regulate
the trafficking of lymphocytes (Chimen et al., 2015). Our findings from previous chapter showed
that AdipoRs are highly expressed on B cells, monocytes, and NKs in contrast are very low
expressed by lymphocytes. We know that AdipoRs expression is decreased on B cells from T1DM
patients (Chimen et al., 2015). However, the pathophysiology of T1DM is different from T2DM
and there are not many studies investigating the expression of these receptors by immune cells in
T2DM to compare our results against. Among these few studies we can mention is the Alberti et

al. study where they evaluated the gene expression of AdipoRs by lymphocytes in three groups of
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obese subjects, one with normal glucose tolerance, obese with impaired glucose tolerance, and
obese with T2DM (Alberti et al., 2007). Their findings followed a trend of decreased AdipoR1
expression when moving from obese subjects to obese with impaired glucose tolerance, which was
associated with higher plasma insulin and lower adiponectin levels (Alberti et al., 2007). Indeed,
insulin was already shown to reduce AdipoR1/R2 RNA expression in mice skeletal muscle, which
supports the hypothesis that an alteration of AdipoRs expression together with lower serum
adiponectin contributes to the development of insulin resistance in a sort of vicious cycle (Tsuchida
et al., 2004). Surprisingly, AdipoR1/R2 RNA expression tended to increase in T2DM compared
to obese with impaired glucose tolerant group. However, the T2DM subjects in this study were
receiving glucose lowering drugs that might affect the AdipoRs expression. In our study, we saw
no modulation of AdipoRs expression on any of PBMC subsets in response to 24-hour HG
treatment, although 2-hour HG treatment of PBMCs increased AdipoRs on B cells in some
experiments which can be explain as an immediate protective reaction to HG treatment.
Furthermore, subsequent metformin and/or insulin treatments post HG had no modulatory effects
on these receptors. Indicating the effects of HG, metformin and insulin on lymphocyte trafficking
do not seem to be mediated by these receptors. However, in our in vitro system, PBMCs only
experienced a transient HG which is not very similar to chronic hyperglycaemic condition in
T2DM. Indeed, one of our research aims in this study was to evaluate the PEPITEM pathway
through measuring the AdipoRs expression particularly on B cells of patients with T2DM
compared to aged match healthy control and monitor lymphocyte trafficking which would allow
us to measure the pathway in patients with poor glycaemic compared to those with well glycaemic
control. However, this experiment was not plausible due to covid restrictions prohibiting our

access to patients’ blood samples.
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4.3.3 Limitations

A limitation of this study is our static in vitro assay which does not allow us to analyse
dynamic behaviour of leukocytes in response to HG. Therefore, a more realistic system like flow
assay in which PBL are perfused on the HUVEC monolayer at a specific shear stress (Luscinskas
et al., 1995; Bahra et al., 1998; McGettrick et al., 2009) is required to quantify the total capture,
rolling, firm adhesion and transmigration in a more physiological context. Furthermore, our
experiments do not reflect the natural environment which exists in T2DM, because cells are only
exposed to transient HG which is not optimal to reflect the chronic hyperglycaemia of T2DM.
Important factors such as adiponectin and insulin resistance and inflammatory cytokines can
influence the leukocyte-endothelium behaviour and are absent in our in vitro system. Lack of
experiments with blood samples of subjects with T2DM is another limitation of our study which

could have provided us more insight into leukocyte trafficking in T2DM.

4.3.4 Conclusion

In conclusion we show that HG differently affects the endothelium and PBL behaviour and
subsequent impact on lymphocyte trafficking. Moreover, metformin and insulin supplementation
of endothelium restores its ability to support the PBL recruitment. However, our study is not able
to clarify the mechanisms involved in this process. Further studies such as evaluating the
chemokine response, inhibiting the CAMSs, and blocking insulin signalling pathways are required

to fully understand the pathway.
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5 Immunomodulatory effects of PEPITEM in HFD-induced
glucose intolerance mice
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5.1 Introduction

In the previous chapter, we clearly demonstrated that adiponectin inhibited lymphocyte
recruitment through inflamed BEC. Similarly, we found that PEPITEM treatment of PBL inhibits
their migration through the inflamed BEC in vitro (Figure 5.1). The efficacy of PEPITEM in vivo
using models of inflammation has been previously shown, where PEPITEM reduced the number
of T cells in site of inflammation in a model of endotoxin-induced ocular inflammation (Chimen
et al., 2015). The PEPITEM pathway was shown to be compromised in subjects with the T cell-
driven disease, such as type 1 diabetes (TIDM) (Chimen et al., 2015). T2DM is also considered
an immunocompromised disease (Berbudi et al., 2020), however, the pathogenesis of T2DM is
different to that of TLDM (Zaccardi et al., 2016). There is no study demonstrating the modulation
of the PEPITEM pathway in T2DM. Obesity is a promoter of T2DM, and is accompanied by
chronic inflammation at tissue level (Malone and Hansen, 2019). Suppressing inflammation has
been shown to improve blood glucose levels and insulin sensitivity in patients with T2DM (Larsen

etal., 2007).

Given that PEPITEM regulates T cell trafficking, we evaluated the immune modulatory
effects of PEPITEM in mice on an obesogenic diet similar to that experienced by T2DM patients.
We hypothesis that the PEPITEM pathway is dysregulated in T2DM mice, therefore resulting in
suppression of the homeostatic mechanism (PEPITEM) controlling T-cell trafficking during
inflammation. We also hypothesis that an impaired PEPITEM pathway worsens the obesity
induced fat inflammation, insulin resistance and pancreatic beta cells function in T2DM. In this
chapter we evaluated the PEPITEM effects in two sets of in vivo experiments including mice on 6

or 12 weeks on HFD. We investigated if PEPITEM administration is able to decrease disease onset
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in a mouse model of T2DM and affect the blood glucose or insulin secretion. We also evaluated
how PEPITEM administration in a model of T2DM modulates leukocyte trafficking in different

tissues such as blood, adipose tissue, LNs, spleen and peritoneal lavage.

5.2 Results
5.2.1 The effect of PEPITEM on PBLs migration across the endothelium in healthy

controls

There is previous evidence supporting the inhibitory effects of PEPITEM on PBLs
transmigration through the inflamed endothelium (Chimen et al., 2015). Here, we also examined
the inhibitory capacity of PEPITEM on PBL adhesion and migration in vitro. PEPITEM had no
effect on PBL adhesion (Figure 5.1A), but significantly reduced the migration of PBLs across adult

BEC (Figure 5.1B). This data indicates PEPITEM is functional in vitro.

5.2.2 Immunomodulatory effects of PEPITEM in 6 week-HFD mice

Efficacy in both in vitro (Figure 5.1) and in vivo models of inflammation led us to
investigate whether the PEPITEM pathway was compromised in obesogenic diet induced
inflammation. The mouse model of HFD-induced obesity has become a valuable tool to
understand the development of T2DM (Tang et al., 2013). HFD feeding of mice for 16-20
weeks, increase the body weight up to 20-30% when compared to normal-fed mouse (Tang et
al., 2013). Although 4 weeks of HFD usually induce the hyperglycaemia, typical manifestation

of obesity occurs after 16 weeks of HFD (Tang et al., 2013).

140



~ 5009 e 507 *x
L®] °® N cn
(O] v °
S T i S 0
c 5 400 |ee = 9 40
o ® L ©
-— | W | @E [ ]
Q =  300- = G 30 el
c o S — '
o © 2 g ° .
© e 200- SS 204 | e
1 o —_ o |
o = = L]
o NE 1004 ﬂ—:]I O 104
£ S
= 0 T T 0 1 I
\ ) N\
& & &
o) )

Figure 5.1 Effect of PEPITEM on lymphocyte migration through inflamed endothelium in static
conditions. BEC were cultured for 24 hours prior to stimulation with TNF-o/IFN-y for 24 hours. PBLs
were isolated, left untreated (control) or treated with PEPITEM at 20ng/ml. PBLs (1 x 10° cells/ml) were
added to BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5
random fields were acquired from BEC and analysed offline. (A) The number of adherent PBLs expressed
as the number of cells/mm?/10° cells added. (B) Lymphocyte transmigration expressed as the percentage of
adherent cells that had transmigrated. Data are shown as mean + SEM for n = 7 independent experiments
using 2 different BEC donors and 7 different lymphocyte donors. **= p<0.01 compared to control, by
paired t-test.
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5.2.2.1 Effect of PEPITEM administration on body weight and glucose tolerance in 6 week-
HFD mice

Here, the mice were placed on HFD for 6 weeks and treated with PEPITEM or PBS
administrated via mini pumps. The osmotic minipumps are designed to deliver their contents for
6 weeks according to the manufacturer’s guidelines. Body weight was assessed weekly and
glucose tolerance was measured at week 3 and 6 following 5h fasting. Body weight steadily and
similarly increased in both groups (Figure 5.2-A). There was no difference in AUC for body weight
between two groups (Figure 5.2-B). Fasting blood glucose levels at baseline were not different
between the two groups at week 3 (Figure 5.2-C) and week 6 (Figure 5.2-E) of HFD. Additionally,
blood glucose concentrations returned close to baseline for both treatment groups following
IPGTT at week 3 (Figure 5.2-C) and week 6 (Figure 5.2-E) of HFD. The AUC for IPGTT was not
different between two groups at week 3 (Figure 5.2-D, P value=0.1373) and week 6 (Figure 5.2-
F, P value=0.3092) of HFD. These data indicate PEPITEM had no effect on glucose tolerance and

insulin resistance in mice on HFD for 6 weeks.

5.2.2.2 The effect of PEPITEM on pancreatic beta cell mass in 6-week HFD- mice

Although insulin resistance is described as a the main pathophysiological feature in T2DM,
recent studies have shown that a functional deficiency of pancreatic islets is also important in the
development of T2DM (Inaishi and Saisho, 2020). Previous reports have established that
pancreatic beta cell mass in subjects with obesity increases, to compensate for insulin resistance
(Polonsky et al., 1988). However, , the beta cell mass was reported to decrease by approximately
40% once the glucose intolerance develops in T2DM (Butler et al., 2003). Here, we aim to

investigate whether the PEPITEM administration in a mice model of glucose intolerance can affect
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the beta-cell mass and the number of pancreatic islets compared to PBS treated mice. Therefore,
we isolated the mice pancreas at the end of 6 weeks on HFD and stained for insulin and glucagon.
The islet images acquired using slide scanner as shown in Figure 5.3 and quantified as the number
of the islets/10000um? of whole area. PEPITEM had no effect on number of the pancreatic
islets/10000um? of whole sectioned area (Figure 5.4-A) However, it significantly reduced the area
of islets/10000um? of whole sectioned area compared to PBS treated (Figure 5.4-B). These data
indicate, administration of PEPITEM in 6-week HFD- mice avoids the expansion of pancreatic

beta cell mass.

5.2.2.3 Quantification of leukocytes in 6-week HFD-mice treated with PEPITEM vs PBS
Given that obesity and T2DM are accompanied by chronic inflammation at a tissue level,
we evaluated the immunoregulatory effects of PEPITEM during inflammation caused by
obesogenic diet and during T2DM. We investigated whether PEPITEM could affect T cells or
other leukocyte subsets trafficking into different vascular beds. We quantified the number of
leukocyte subsets in the blood, LN, spleen, adipose tissue, and peritoneal lavage in mice using
flow cytometry. The number of CD45" cell, B cells, age associated B cells, CD8* T cells, T regs,
eosinophils and neutrophils remained unchanged in all these tissues in PEPITEM treated mice
compared to PBS treated mice (Table 5.1). However, PEPITEM treatment significantly decreased
the number of CD4" T cells (Figure 5.5-A) and senescent T cells (Figure 5.5-B) in visceral adipose
tissue. In addition, PEPITEM treatment significantly decreased the number of T cells (Figure 5.5-
C), senescent T cells (Figure 5.5D) and macrophages (Figure 5.5E) in peritoneal lavage compared
to PBS treated mice. These data indicates that the regulatory effects of PEPITEM in visceral fat

and peritoneal lavage inflammation in in 6-week HFD-mice.
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Figure 5.2 Effect of PEPITEM administration on body weight and glucose tolerance in HFD- mice
treated with PEPITEM vs PBS. Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 6 weeks and
received 73ug/day PEPITEM (red squares) or PBS (black circles) administrated via mini pumps for the 6
weeks of HFD. (A) Body weight was assessed weekly and (B) quantified as the area under the curve. Blood
glucose concentrations was measured at (C) week 3 and (E) week 6 of HFD: The mice were fasted for 5
hours, and baseline blood glucose was measured at 0 min, then 1g glucose/kg body weight was injected
intraperitoneally. Glucose levels were measured regularly at 15, 30, 60, 90 and 120 minutes and quantified
as AUC for (D) week 3 and (F) week 6 of HFD. Data are shown as mean + SEM for n =1 independent
experiment using n =5 mice per group.
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Figure 5.3 Representative image of pancreatic islets in mice pancreas. The isolated pancreas was fixed,
paraffin embedded, sectioned, and stained for insulin and glucagon. Representative images acquired using
slid scanner showing merged fluorescent channels in whole sectioned area using red for beta cells, green
for alpha cells and DAPI for nucleus. The zoomed area represents one pancreatic islet. Scale bar =1000um
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Figure 5.4 Quantification of pancreas islets number and area in HFD-mice treated with PEPITEM
vs PBS. The C57BI/6 Mice were placed on HFD for 6 weeks and received PEPITEM at 3.5mg/ml via mini
pumps during 6 weeks of HFD. Pancreas was removed, and pancreatic islets were stained and imaged and
quantified as (A) the average number of the islets/10000um? of sectioned area and (B) the average area of
islets/10000um? of sectioned area. Data are shown as mean+SEM for n = 1 independent experiment using
n=5 mice per group. **= p<0.01 by unpaired t-test compared to PBS treated.
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Table 5.1 Quantification of leukocyte subsets in 6-week HFD-PEPITEM vs HFD-PBS mice

Leukocyte subset Blood/ml Visceral adipose Subcutaneous Spleen/g LNs Peritoneal lavage/ml
Tissue/g adipose
Tissue/g

PBS PEPITEM | PBS PEPITEM PBS PEPITEM | PBS PEPITEM PBS PEPITEM | PBS PEPITEM
CD45+*cell 116307+ 108159+ | 42655+ 48882+ 28655+ 30882+ 37777237+ | 40914684+ | 137761+ | 168338+ | 78712t 82160+
number 9038 3169 14492 12226 3311 2353 3795124 3937809 9322 17547 1249 3683
B cell number 37645+ 44837+ 2599+ 2259+ 1799+ 1859+ 18017788+ | 20549882+ | 26811+ 24771+ 32617+ 32838+

2128 5613 357.6 257.8 152.3 100.9 2422941 3272735 5889 5804 4658 3015
Age associate B 5091+ 6895+ 2067+ 1627+ 1027+ 1007+ 1605879+ 1723345+ 241.3+ 294.2+ 7052+ 6190+
cell 566.0 834.7 198.1 158.3 32.36 53.37 280099 164344 49.36 56.49 729.9 682.5
number
T cell number 35785+ 40481+ 30354+ 22952+ 14954+ 16152+ 5812659+ 6841248+ 99419+ 105056+ | Figure Figure

4418 3827 3586 4381 1491 1673 1284432 1093347 1338 3970 5.4C 5.4C
CD4*T cell number | 17686+ 19895+ Figure Figure 9454+ 9483+ 3898541+ 3727943+ 30624+ 34302+ 13560+ 14538+

2435 3260 5.4A 5.4A 483.8 417.3 262349 393053 6550 2347 1231 1383
CD8*T cells 6764+ 5868+ 1884+ 1956+ 1484+ 1356+ 2658353+ 31795+ 32976+ 34302+ 4557+ 4464+
number 1059 978.0 305.6 511.3 145.0 122.8 341183 1446 760.9 2347 461.1 369.0
T reg number 140.0+ 138.7 181.0+ 161.1+ 153.0+ 135.1+ 3299+ 3249+ 265.3+ 233.1+ 61.45+ 58.24+

5.055 13.06 25.57 17.58 10.71 12.90 452.8 495.7 38.10 37.80 5.657 9.663
Senescent T cell 1762+ 1704+ Figure Figure 545.5+ 455.8+ 694010+ 689293+ 11427+ 11735+ Figure Figure
number 363.0 3935 5.4B 5.4B 72.02 56.55 71650 71412 712.8 470.1 5.4D 5.4D
Monocyte/ 14171+ 15697+ 44660+ 52891+ 13260+ 13691+ 317833+ 307157+ 341.7+ 332.4+ Figure Figure
Macrophage 1812 1004 9735 9545 1007 1260 37650 37216 137.8 114.4 5.4E 5.4E
number
Eosinophil 1147+ 910.7+ 3843+ 3121+ 1643+ 1721+ 19308+ 15359+ 21.86% 55.30% 110.8+ 133.8
number 68.55 193.1 439.5 531.1 99.73 37.83 3064 3000 10.79 26.30 4,912 29.50
Neutrophil 8067+ 7605+ 959.8+ 1183+ 839.8+ 682.9+ 260316+ 223631+ 96.57+ 9497+ 23.00+ 37.36%
number 885.1 1488 60.78 163.7 4411 75.47 18831 12099 33.38 51.71 8.973 17.43

T reg -Regulatory T cells: LN — Lymph Node. Unpaired t-test showed no significant effect of PEPITEM treatment on leukocyte number for the
data presented in this table. Statistically significant data are represented in figure format (Figure 5.4A-E). Data are shown as mean + SEM for n =
1 independent experiments, using n=5 mice per group.
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Figure 5.5 Quantification of leukocyte subsets in HFD-mice treated with PEPITEM vs PBS. The
C57BI/6 Mice were placed on HFD for 6 weeks and received PEPITEM at 3.5mg/ml via mini pumps during
6 weeks of HFD. (A) Visceral adipose tissue CD4* T cells, (B) visceral adipose tissue senescent T-cells,
(C) peritoneal lavage T cells, (D) peritoneal lavage senescent T cells and (E) peritoneal lavage macrophages
were quantified using flow cytometry analysis. Absolute number of immune cells were normalised to bead
counts and plotted as number per g of adipose tissue and per ml of peritoneal lavage. Data are shown as
meanzSEM for n = 1 independent experiment using n = 5 mice per group. *= p<0.05, and *** p<0.005 by
unpaired t-test compared to PBS treated.
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5.2.3 Immunomodulatory effects of PEPITEM in mice on HFD for 12 weeks

In previous experiment we used 6-week HFD-induced obesity to generate a glucose
intolerance mice model to assess the immunomodulatory effects of PEPITEM in vivo. To achieve
a model with worse glucose intolerance that more closely represented the T2DM physiopathology
we extended the HFD duration to 12 weeks, to further explore the regulatory effects of PEPITEM.
Due to the restriction of the Home Office licence, we were only allowed to implant one osmotic
pump, as such we opted to administer PEPITEM for the last 6 weeks of HFD to assess its

immunoregulatory potential as T2DM symptoms developed.

5.2.3.1 Effect of PEPITEM administration on body weight and glucose tolerance in 12-week
HFD- mice

First, we explored whether the PEPITEM administration has any effect on weight gain and
glucose tolerance during 12 weeks of HFD. Body weight was assessed weekly and glucose
tolerance was measured at week 8 and 12 following 5 hours fasting. Body weight steadily and
similarly increased in both groups (Figure 5.6-A). Once again, the AUC for body weight was not
different between two groups (Figure 5.6-B). Fasting blood glucose levels at baseline were not
different between the two groups at week 8 (Figure 5.6-C) and week 12 (Figure 5.6-E) of HFD.
Additionally, blood glucose concentrations returned close to baseline for PBS treated group
following IPGTT at week 8 and week 12 of HFD. We observed a slight increase in glucose
intolerance in the PEPITEM-treated mice at week 8 (Figure 5.6-C) and 12 (Figure 5.6-E) as
glucose levels did not return to baseline levels. However, the AUC for IPGTT data was not
significantly different between two groups at week 8 (Figure 5.6-D) and week 12 (Figure 5.6-F)

of HFD, indicating that PEPITEM had no effect on glucose tolerance and insulin resistance in

mice on HFD for 12 weeks.
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Figure 5.6 Effect of PEPITEM administration on body weight and glucose tolerance in HFD-mice
treated with PEPITEM vs PBS. Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 12 weeks
and received 3.5mg/ml PEPITEM (red squares) or PBS (black circles) administrated via mini pumps for
the last 6 weeks of HFD. (A) Body weight was assessed weekly and (B) quantified as the area under the
curve. Blood glucose concentrations was measured at (C) week 8 and (E) week 12 of HFD: The mice
were fasted for 5 hours, and baseline blood glucose was measured at 0 min, then 1g glucose/kg body
weight was injected intraperitoneally. Glucose levels were measured regularly at 15, 30, 60, 90 and 120
minutes and quantified as AUC for (D) week 8 and (F) week 12 of HFD. Data are shown as mean + SEM
for n =1 independent experiment using n =14 mice per group.
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5.2.3.2 The effect of PEPITEM on pancreatic beta cell mass in 12-week HFD- mice

Next, we explored whether administration of PEPITEM for 6 weeks can affect the islet
number or their area in 12-week HFD-mice. The islet images acquired using slide scanner as shown
in Figure 5.7. We observed no significant effect of PEPITEM on number of the pancreatic
islets/10000um? of whole sectioned area (Figure 5.8A). However, PEPITEM treatment
significantly reduced the area of islets/10000um? of whole sectioned areacompared to PBS (Figure
5.8-B). These data indicate, administration of PEPITEM in 12-week HFD-mice avoids the

expansion of pancreatic beta cell mass.

5.2.3.3 Quantification of leukocytes in 12-week HFD-mice treated with PEPITEM vs PBS
Finally, we explored the effect of PEPITEM on leukocyte trafficking in in the blood, LN,
spleen, adipose tissue, and peritoneal lavage in mice using flow cytometry. We found no
significant changes in number of CD8* T cells and T regs in any of the tissues (Table 5.2) in
PEPITEM treated mice vs PBS. The number of age associated B cells (Figure 5.9-A), senescent T
cells (Figure 5.9-B), and neutrophils (Figure 5.9-C) were reduced in blood of PEPITEM treated
mice. We also observed reduced number of T cells (Figure 5.10-A), CD4* T (Figure 5.10-B), cells
and senescent T cells (Figure 5.10-C) in visceral adipose tissue of PEPITEM treated mice. We
found no significant change in number of any leukocyte subsets in subcutaneous adipose tissue in
PEPITEM treated group (Table 5.2). In spleen, the number of CD45" cells (Figure 5.11-A), B cells
(Figure 5.11-B), age associated B cells (Figure 5.11-C), and T cells (Figure 5.11-D) were increased
in PEPITEM treated mice. However, neutrophil number (Figure 5.11-E) were reduced in this
group. In LN, higher numbers of CD45+ cells (Figure 5.12-A), T cells (Figure 5.12-B) and

eosinophils (Figure 5.12-C) were observed in PEPITEM treated group compared to control treated
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animals. PEPITEM treatment only reduced the macrophage number in peritoneal lavage (Figure
5.13). These data indicates that administration PEPITEM in last 6 weeks of HFD-induced obesity
modulates leukocyte trafficking in visceral fat, peritoneal lavage also in secondary lymphatic

organs such as spleen and LNs.
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Figure 5.7 Representative image of pancreatic islets in mice pancreas. The isolated pancreas was fixed,
paraffin embedded, sectioned, and stained for insulin and glucagon. Representative images acquired using
slid scanner showing merged fluorescent channels in whole sectioned area using red for beta cells, green
for alpha cells and DAPI for nucleus. The zoomed area represents one pancreatic islet. Scale bar =1000um
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Figure 5.8 Quantification of pancreas islets number and area in HFD-mice treated with PEPITEM
vs PBS. Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml
PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Pancreas was removed, and
pancreatic islets were stained and imaged and quantified as (A) the average number of the islets/10000pum?
of sectioned area and (B) the average area of islets/10000um? of sectioned area. Data are shown as
meanzSEM for n = 1 independent experiment using n=7 mice per group. *= p<0.05 by unpaired t-test
compared to PBS treated.
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Table 5.2 Quantification of leukocyte subsets in 12- week HFD-mice treated with PBS vs PEPITEM

Leukocyte subset Blood/ml Visceral adipose Subcutaneous Spleen/g LNs Peritoneal lavage/ml
Tissue/g adipose
Tissue/g
PBS PEPITEM | PBS PEPITEM PBS PEPITEM | PBS PEPITEM PBS PEPITEM | PBS PEPITEM
CD45*cell 125413+ | 126756+ | 42328+5 | 50925+ 27399+ 27353+ Figure Figure Figure Figure 86512+ 84768+1
number 7680 12148 478 5764 1277 1505 5.8A 5.8A 5.9A 5.9A 10012 4061
B cell number 90359+ 116113+ | 2615+ 2540+ 2257+ 2195+ Figure Figure 2723+ 31610+ 35959+ 25257+3
12190 11644 206.9 214.0 92.45 101.2 5.8B 5.8B 5750 5063 5160 596
Age associate B cell | Figure Figure 1929+ 2123+ 1350+ 1440+ Figure Figure 399.0+ 401.9+ 8570+ 6372+
number 5. 6A 5. 6A 126.1 118.9 49.26 51.59 5.8C 5.8C 72.70 76.86 1247 994.4
T cell number 20930+ 28771+ Figure Figure 24114+ 22855+ Figure Figure Figure Figure 23228+ 2199743
3587 4010 5.7A 5.7A 810.0 798.0 5.8D 5.8D 5.9B 5.9B 3704 547
CD4*T cell number 10255+ 14783+ Figure Figure 14857+ 13654+ 350627915 | 5028258+8 | 3840+ 53669+ 14177+ 12751+1
1821 2145 5.7B 5.7B 845.4 911.8 10247 12723 6313 7784 2182 973
CD8*T cells number | 7894+ 9929+ 1741+ 1864+ 904.8+ 876.6% 253668313 | 33117685 | 3039t 33409+ 5730t 5269110
1422 1302 202.9 217.5 44.33 59.01 66794 17992 1129 855.9 1089 83
T reg number 59.05+ 96.43+ 384.5+ 340.8+ 74.88+ 69.18+ 4141+ 4517+ 311.1+ 266.3+ 46.07+ 58.75+
12.01 23.67 81.54 77.51 6.300 7.382 718.1 857.0 42.85 31.22 7.619 7.399
Senescent T cell Figure Figure Figure Figure 978.6% 920.1+ 1325711+2 | 1479041+2 | 1033t 11741+ 2245+ 2421144
number 5.6B 5.6B 5.7C 5.7C 49.70 68.95 07466 35741 568.1 392.0 254.1 1.5
Monocyte/ 15022+ 11864+ 42582+5 | 49601+ 24024+ 24866* 704531+ 522682+ 357.2+ 447 .8+ Figure Figure
Macrophage 1991 1070 265 6083 1005 1017 99344 83250 94.92 95.50 5.10 5.10
number
Eosinophil number 784.2+ 791.5% 4287+ 4285+ 3082t 2682+ 27292+ 23901+ Figure Figure 4.406+ 4.273+
88.40 112.0 593.7 678.1 151.7 209.3 4242 6099 5.9C 5.9C 0.8045 0.5858
Neutrophil number | Figure Figure 1320+ 1480+ 1046+ 997.7+ Figure Figure 64.90+ 66.24+ 169.8+ 216.7+
5.6C 5.6C 128.3 1480 67.31 50.01 5.8E 5.8E 17.87 20.77 44.00 50.73

T reg -Regulatory T cells: LN — Lymph Node. Unpaired t-test showed no significant effect of PEPITEM treatment on leukocyte number for the data
presented in this table. Statistically significant data are represented in figure format (Figure 5.6-10). Data are shown as mean + SEM for n =1
independent experiments, using n=14 mice per group.
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Figure 5. 9 Quantification of leukocyte subsets in blood of HFD-mice treated with PEPITEM vs PBS.
Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml PEPITEM or
PBS administrated via mini pumps for the last 6 weeks of HFD. Blood (A) age associated B cells, (B)
senescent T-cells and (C) neutrophils were guantified using flow cytometry analysis. Absolute number of
immune cells were normalised to bead counts and plotted as number per ml of blood. Data are shown as
meanzSEM for n = 1 independent experiment using n = 14 mice per group. *= p<0.05, ** = p<0.01 by
unpaired t-test compared to PBS treated.

156



50000~ \ 30000
<
Z 400001 g S
9 £ 20000
£ 30000 o3 . g
2 o ©
— 20000 |ee o
<5} ° u — 100004
o o © - +q_
- n
— 10000 =
o
0 T T 0
& &
N\
&S
<

C.
2 4000+ .
)
o
e °
> 3000
c ° L]
= n
8 2000
— ':_E L]
c b 0o ¢ ol
8 10004 [e*®
8 ]
c =2
n
(% 0 1 1
CHENA
X Qé@
Q@

Figure 5.10 Quantification of leukocyte subsets in visceral adipose tissue of HFD-mice treated with
PEPITEM vs PBS. Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 12 weeks and received
3.5mg/ml PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Visceral adipose
tissue (A) T cells, (B) CD4* T cells and (C) senescent T-cells were quantified using flow cytometry analysis.
Absolute number of immune cells were normalised to bead counts and plotted as number per g of tissue.
Data are shown as mean+SEM for n = 1 independent experiment using n = 14 mice per group. *= p<0.05,

by unpaired t-test compared to PBS treated.
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Figure 5.11 Quantification of leukocyte subsets in spleen of HFD-mice treated with PEPITEM vs
PBS. Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml
PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Spleen (A) CD45+ cells, (B)
B cells (C) age associated B cells, (D) T cells, and (E) neutrophils were quantified using flow cytometry
analysis. Absolute number of immune cells normalised to bead counts and plotted as number per g of tissue.
Data are shown as mean+SEM for n = 1 independent experiment using n = 14 mice per group. *= p<0.05,
by unpaired t-test compared to PBS treated.
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Figure 5.12 Quantification of leukocyte subsets in LN of HFD-mice treated with PEPITEM vs PBS.
Male wt (C57BI/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml PEPITEM or
PBS administrated via mini pumps for the last 6 weeks of HFD. Lymph node (LN) (A) CD45+ cells, (B) T
cells and (C) eosinophils using flow cytometry analysis. Absolute number of immune cells normalised to
bead counts and plotted as number per LN. Data are shown as mean+SEM for n = 1 independent experiment
using n = 11 mice per group. *= p<0.05, ** = p<0.01 by unpaired t-test compared to PBS treated.
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Figure 5.13 Quantification of macrophages in peritoneal lavage of HFD-mice treated with PEPITEM
vs PBS. Male wt (C57BI1/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml
PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Peritoneal lavage
macrophages were quantified using flow cytometry analysis. Absolute number of macrophages normalised
to bead counts and plotted as number per ml. Data are shown as meantSEM for n = 1 independent
experiment using n = 13 mice per group. *= p<0.05, by unpaired t-test compared to PBS treated.
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5.3 Discussion

Here using two sets of experiments, we explored the prophylactic as well as therapeutic
capacity of a novel endogenous peptide, PEPITEM, on chronic inflammation caused by
obesogenic diet in mice. We observed no direct metabolic action of PEPITEM in either sets of our
in vivo experiments, despite a significant reduction in islets individual size of area compared to
PBS treated group. Prophylactic PEPITEM treatment was only able to block the obesogenic diet-
induced T cell and macrophage trafficking into adipose tissue and peritoneum. However,
therapeutic administration of PEPITEM following feeding mice HFD dramatically altered the

composition of leukocyte subsets in peripheral tissues, as well as secondary lymphoid organs.

To the best of our knowledge, this is the first study to investigate the metabolic aspects of
PEPITEM and there is currently no evidence reporting the immune modulatory influence of
PEPITEM in obesity/T2DM to compare our results against. Therefore, this discussion will focus

on the evidence exists for obesity-related leukocyte trafficking focusing on adipose tissue.

5.3.1 Evidence on obesity related metabolic changes

Diet-induced obesity, widely used in rodents, has become one of the most beneficial tools to
explore the impact of obesity on glucose metabolism and development of T2DM (Tang et al.,
2013). Some studies suggest that high fat/high fructose diet is better to mimic the T2DM in animal
models, as high-fructose diet can cause hyperinsulinaemia, while a high-fat diet can result in
impaired pancreatic function of insulin secretion and glucose intolerance (Huang et al., 2004).
Following 16-20 weeks of HFD, mouse will typically show 20-30% increase in body weight when

compared to chow diet mouse (Tang et al., 2013). Here we observed approximately 30% increase
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in body weight in both groups after feeding them HFD either for 6 or 12 weeks, which is similar
to the clinical manifestation of diabetic patients in early stage as they are gaining body weight. We
used male mice in our experiments as it is already stablished that C57BL/6 male mice have a
greater propensity of gaining body weight than female mice to develop glucose intolerance (Hong
etal., 2009). In our model although we have not include any chow diet control to compare whether
obesity could cause necessary changes to impair the glucose tolerance, our results are comparable
with previous studies showing higher fasting glucose (9.1 £ 0.3 vs. 7.9 £ 0.4 mmol/Il ) following 8
weeks of HFD compared to chow diet mice (Andrikopoulos et al., 2008). In both sets of
experiments, we observed an impaired fasting glucose in week 8 (PBS:9.41%0.3,
PEPITEM:10.5£1.11) and week 12 (PBS:10.9+0.6, PEPITEM: 11.8+0.9) of HFD, indicating that
our HFD was only able to induce the initial metabolic changes take place in obese subjects as the
fast glucose levels in both sets of experiments are higher compare to those shown in chow fat diet

control mice in other studies (Andrikopoulos et al., 2008)

Here we used IPGTT as a simple approach to analyse the effect of diet/PEPITEM on
metabolism (Dinger et al., 2018). Indeed we examined how well the body's cells are able to uptake
glucose after injecting a given amount of sugar, which in turn is indicative of insulin secretion and
insulin effect (Dinger et al., 2018). Here, our findings showed that blood glucose levels reached
the fasting glucose levels in all IPGTT after 120-minute test, suggesting that despite impaired
fasting glucose, insulin is still able to keep the blood glucose at fasting levels, showing no

development of insulin resistance after feeding mice HFD for 6 or 12 weeks in our model.

Previous reports have clearly established the association between obesity and beta cell mass in
both obese and T2DM subject. Several human studies have reported beta cell mass expansion by

20% to 90% in obese non diabetic subjects (Hanley et al.,, 2010; Saisho et al., 2013).
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Immunohistochemistry data from Tschen et al. demonstrated a threefold expansion in beta cells
mass in 6-week-old male C57BL/6 mice following 8 weeks HFD compared to control chow diet
mice, which was due to increased proliferation of the pancreatic beta cells in response to decreased
insulin sensitivity shown as increased fasting insulin levels in HFD mice (Tschen et al., 2009).In
fact our study lacks the control mice on chow diet to evaluate the obesity related expansion of
islets. However, we observed 2.2- and 1.2-fold reduction in islet size by prophylactic and
therapeutic administration of PEPITEM respectively, suggesting prophylactic administration of

PEPITEM was more efficiently reduced the obesity induced expansion of the islets.

Given that we observed no change in glucose homeostasis between two groups, it is unlikely
that PEPITEM has modulate the blood insulin levels in treated group and more tests such as insulin
tolerance test is needed to address whether PEPITEM affects insulin sensitivity. Our data suggests
that PEPITEM limits HFD-induced pancreatic islet expansion independent of its effects on insulin
sensitivity. However, the mechanism by which PEPITEM suppress the islets expansion is
unknown and the sole effect of PEPITEM on beta cells mass in non-obese WT mice must be
investigated to conclude whether PEPITEM is reversing the beta cell mass back to baseline or
avoids the expansion of islets in general. Interestingly, like what we observed with PEPITEM,
metformin, was shown to suppress the compensatory beta cell expansion induced by HFD in mice
(Tajima et al., 2017). Indeed, they showed that 8 weeks of HFD was sufficient to induce adaptive
beta cell mass expansion and proliferation in HFD mice compared to chow diet mice (Tajima et
al., 2017). An 8-week metformin treatment suppressed the compensatory beta cell hyperplasia
induced by HFD which was demonstrated by lower ratio of BrdU- or Ki67-positive proliferating
beta cells in metformin treated HFD mice (Tajima et al., 2017). In search of mechanism by which

metformin affected this, they roll out the possibility of beta cell apoptosis by showing unchanged
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ratio of cleaved caspase-3-positive beta cells between the HFD group and HFD + metformin group
using immunostaining (Tajima et al., 2017). Using 1 week HFD mice, while no insulin resistance
was developed, they could show that 1 week metformin treatmentis able to suppress the 1-week
HFD induced beta cell proliferation compared to only HFD mice, indicating metformin suppressed
HFD-induced beta cell proliferation before the development of insulin resistance (Tajima et al.,
2017). This was further supported by in vitro data where metformin directly blocked the glucose-
induced replication of beta cells through suppressing the glucose-induced phosphorylation of
mammalian target of rapamycin (which is essential for cell growth and proliferation). Since we
also have seen a similar suppressing effect of PEPITEM on HFD induced beta cell expansion in a
condition which the insulin resistance was not induced yet by HFD, this suggests a possible
mechanism of action for PEPITEM to reduce the islets expansion by blocking the proliferation of
beta cells before the development of insulin resistance. However, the involvement of extrinsic
signals from other organs such as adipose tissue is also important for the regulation of adaptive
beta cell expansion. These signals might influence the PEPITEM effects on the compensatory beta
cell expansion, since PEPITEM has shown immunomodulatory effects in multiple tissues in our
study. Based on the results of our study, mainly the prophylactic administration of PEPITEM has
the potential to impose a preventive effect on compensatory beta cell expansion during an early

disease stage independent of improvement in metabolic parameters.

5.3.2 Evidence on PEPITEMSs actions in inflammation

Despite the lack of evidence about metabolic capacity of PEPITEM, there are few studies

supporting the in vivo efficacy of PEPITEM in inflammation. For the first time Chimen et al.
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showed the in vivo functionality of PEPITEM in various inflammatory induced conditions
(Chimen et al., 2015); They generated a B cell-knock out mouse model of zymosan-induced
peritonitis, with no capacity to produce PEPITEM. Zymosan induced more T cells infiltration into
the peritoneum of B cell- knock out mice compared to WT controls, which was reversed with
injection of PEPITEM to these mice with (Chimen et al., 2015). This was further supported with
another model of inflammation where PEPITEM administration could suppress the lymphocyte
infiltration into inflamed liver of Salmonella-infected C57BL/6 mice compared to PBS treated
mice (Chimen et al., 2015). Most recently, Mastubara et al. reported reduced infiltration of double-
negative T cells into the kidney of MRL/Ipr mice treated with PEPITEM, which was concomitant
with increased protein expression of CDH15 (receptor for PEPITEM) on endothelial cells of
glomeruli and kidney arterioles of lupus mice (Matsubara et al., 2020), suggesting the modulation
of PEPITEM/CDH15 axis in lupus nephritis. This improvement in inflammation translated into
milder proteinuria in PEPITEM treated mice compared to non-treated MRL/lpr mice (Matsubara
et al., 2020). Our study adds more evidence to this regulatory aspect of PEPITEM in governing
lymphocytes trafficking in obesity induced chronic inflammatory condition. Indeed, we could
show prophylactic administration of PEPITEM suppressed CD4+ T cells and senescent T cells
infiltration into visceral adipose tissue and peritoneum in a 6-week HFD-mice. In addition, our
data showed a reduction in number of macrophages in peritoneum of PEPITEM treated when both
administrated prophylactic and therapeutic, suggesting the capacity of PEPITEM in regulating the
innate immune system, either by limiting the lymphocyte recruitment or unknown direct influence
over macrophages. This limited recruitment of macrophages to site of inflammation was also
shown in Mastubara et al. study, where their immunohistochemistry analysis showed a decrease

in the number of F4/80 + cells in the renal interstitium along with reduced deposition in C3 and

165



IgG in the glomeruli upon PEPITEM treatment, indicating macrophage and B cell activation was
suppressed along with the decrease infiltration of T cells into the renal interstitium (Matsubara et

al., 2020).

5.3.3 Obesity related changes in leukocyte trafficking in adipose tissue

In this study we observed a regulatory effect of PEPITEM on adipose tissue mostly by
suppressing the CD4" T cells and senescent T cells recruitment. The mechanisms that regulate T
cell trafficking in adipose tissue are largely unknown. Increased number of T cells in visceral
adipose tissue has been previously shown in obese mice and human and are linked either to their
recruitment or proliferation. For example, Duffat et al, showed more infiltration of CD3" T cells
composed of CD4* and CD8" cytotoxic T cells into adipose tissue of obese non diabetic subjects,
(Duffaut et al., 2009) which was explained by increased gene expression of chemokine CCL20 on
mature adipocytes from obese people compare to lean (Duffaut et al., 2009). Moreover, flow
cytometric analysis of an in vivo study showed higher numbers of T cells and macrophages in
adipose tissue of male mice placed on 24-week HFD compared to normal diet lean mice (Wu et
al., 2007). In this study the recruitment of T cells into adipose tissue of obese mice was postulated
to higher protein and gene expression of RANTES and its receptor CCRS in fat tissue of obese
mice (Wu et al., 2007). HFD for 14 weeks, was reported to activate the proliferation of CD4* T
cells in adipose tissue (Morris et al., 2013). In fact, they showed that adipose tissue macrophages
are able to develop the proliferation CD4* T cells in adipose tissue (Morris et al., 2013). These
data support the concept that adipose tissue macrophages govern an adaptive response by
modulating T cell activation in obese fat (Morris et al., 2013). However, in another in vivo study

early infiltration of adipose tissue B cells followed by increased T cell proceeded the accumulation
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of macrophages in adipose tissue after 12 weeks of HFD (Duffaut et al., 2009). Using lymphocyte
deficient mice, this study demonstrated absence of lymphocytes did not change the onset of obesity
and insulin resistance status (Duffaut et al., 2009). Therefore suggested that the lymphocytes alone
are not enough for the initiation of obesity-associated insulin resistance (Duffaut et al., 2009).
Moreover, an exaggerated infiltration of macrophages in adipose tissue in absence of lymphocytes
suggested a protective role for lymphocytes to control inflammation in adipose tissue (Duffaut et
al., 2009). In our study however, since the number of visceral adipose tissue macrophages are
unchanged in both prophylactic and therapeutic treatment with PEPITEM, it seems that PEPITEM
exerts its immunomodulatory effect on adaptive cells in adipose tissue. Indeed, PEPITEM is
known to regulate T cells trafficking in vitro and in vivo in previous studies. Here for the first time,
we show its functionality in obesity induced inflammation. Although we have not measured the
adiponectin levels here, it is already stablished that both circulating and adipose tissue expressed
adiponectin levels are decreased in obese subjects (Lu et al., 2008) and our data suggests that
administration of PEPITEM is able to restore the homeostatic pathway regulating T cell
recruitment in adipose tissue of obese mice. However more experiments such as evaluating the
expression of CDH15 by adipose tissue is needed to confirm the modulation of PEPITEM/CDH15
axis in obesity. Furthermore, the effect of PEPITEM on chemokine response in adipose might be

necessary to better clarify its mechanism of action.

There are evidence showing the involvement of CD8" T cells in development of insulin
resistance in obesity. It has been proposed that CD8 * T cells improve insulin resistance through
recruiting macrophages (Eller et al., 2011; Liu et al., 2021) As shown by Nishimura et al., the
increased recruited CD8 * T cells and macrophages in visceral adipose tissue of WT mice placed

on HFD for 16 weeks was associated to insulin resistance in HFD mice compared to chow diet and
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genetic depletion of CD8" T cells decreased macrophage infiltration and dampened the systemic
insulin resistance (Nishimura et al., 2009) This suggests adipose tissue CD8* T cells and
macrophages together are necessary for metabolic changes occurs in obesity. Thus, here in our
study, unchanged number of CD8* T cells and macrophages in adipose tissue in PEPITEM treated

mice, might be associated with unchanged systemic metabolic status between two groups.

In this study for the first time, we demonstrated the capacity of PEPITEM in regulating
senescent lymphocytes in chronic inflammation. KLRG1 has been widely used in animal studies
to identify senescent CD4" (Beyersdorf et al., 2007) and CD8 *T cells (Voehringer et al., 2001).
These studies provide evidence for strikingly lower cell divisions of KLRG1" T cells when
compared with their KLRG1™ counterpart. However, a recent in vivo mice study has revealed that,
it is the loss of KLRGL1 that marks out a population of senescence like cells (Herndler-Brandstetter
etal., 2018). In this study they showed that KLRG1" effector CD8" T cells lose KLRG1 expression
and differentiate into long-lived memory cells called ‘‘ExXKLRG1’’memory cells which retained
high cytotoxic and proliferative capacity distinct from other populations and contributed to
effective anti-influenza and anti-tumor immunity (Herndler-Brandstetter et al., 2018). In our study
the senescent T cells have been defined by phenotype only and the data showing their proliferative
capacity is missing. Therefore, more functional experiments confirming their senescence is needed
in future expeiments. Previous studies has shown increased number of senescent T cells in adipose
tissue of HFD mice (Shirakawa et al., 2016; Kiran et al., 2021). Shirakawa et al. showed that CD4
* T cells expressing PD-1 and CD153 were increased in number in adipose tissue from mice fed a
HFD for 3 months (Shirakawa et al., 2016). These T cells were similar to senescence CD4" T cells
that normally increase with age. Also, their adoptive transfer from a HFD mice to a lean WT mice

caused insulin resistance (Shirakawa et al., 2016). Kiran et al. found that 16 weeks of HFD
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increases infiltration of activated T cells expressing KLRG1, a senescent marker, and induce
polarization of macrophages towards an inflammatory M1 macrophages in epididymal adipose
tissue of HFD mice which was associated with increased fasting blood glucose in HFD mice
compared to lean mice (Kiran etal., 2021). In our study, although we have not included a normal
chow diet mice to compare the HFD effects on senescent T cells, reduced number of T cells
expressing KLRG1 were significantly decreased in visceral adipose tissue of PEPITEM treated
group, suggesting PEPITEM might be able to restore the normal profile. However, reduced
number of senescent T cells with PEPITEM was not associated with any change in metabolic
parameters in our study, indicating PEPITEM may influence the immune system independent to

metabolism.

Although, PEPITEM pathway emphasis on protective role of B cells in regulating lymphocyte
recruitment in inflammatory condition, there are studies demonstrating the pathogenic role for B
cells in the development of metabolic disorders in obesity induced inflammation. Indeed, Winer
et al, showed 8 week-HFD-induced obese mice lacking B cells are protected from impaired fasting
glucose and impaired glucose tolerance and insulin resistance compared to HFD-wt mice (Winer
et al., 2011). B cell deficiency did not influence the glucose intolerance and insulin resistance in
normal chow diet mice, indicating that metabolic influences of B cells require a HFD (Winer et
al., 2011) Therefore it might be assumed that depletion of B cell might be a beneficial strategy in
obesity induced T2DM. However, our results that PEPITEM can inhibit the trafficking of T cells
in fat tissue, raises the possibility that the PEPITEM pathway can be a potential target to treat

chronic inflammatory diseases.
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5.3.4 Obesity related changes in leukocyte trafficking in secondary lymphatic organs

There are evidence showing obesity modulates leukocyte trafficking in secondary lymphoid
organs. For example, frequency of CD4" and CD8" T cells reported higher in spleen and
mesenteric LNs of obese compared to WT lean mice following 16 weeks of HFD (Kiran et al.,
2021). However, in another in vivo study total number of lymphocytes determined using a phase-
contrast microscope, reported lower in visceral LNs of mice on HFD for 10 weeks compared to
those on chow diet (Kim et al., 2008). Their FACS data showed no changes in the percentages of
CD4" T cells and CD8" T cells in the visceral lymph nodes of the obese compared to those in the
nonobese mice (Kim et al., 2008). Moreover, they observed higher expression levels of Annexin
V, (apoptosis marker), on lymphocytes of visceral lymph node in obese mice, indicating HFD-
induced lymphocyte death happens in visceral lymph node cells (Kim et al., 2008). Overall, our
data from spleen and inguinal LNs indicates that therapeutic but not prophylactic treatment of
PEPITEM in HFD mice alters leukocyte trafficking to these organs mostly through affecting the
adaptive immune cells. Reduced number of T lymphocytes in adipose tissue as a main source of
inflammation in obesity along with lymphocyte increase in spleen and lymph nodes with no change
in number of antigens presenting cells like macrophages in these organs, suggest that PEPITEM
possibly retains the lymphocytes in secondary lymphoid organs. Thus, less lymphocytes are
migrated to peripheral tissues. The mechanism by which PEPITEM retains the lymphocyte in SLO
is not clear. More evaluations are needed to see if PEPITEM rescue the lymphocyte from HFD

induced apoptosis in SLO.

It is widely accepted that S1P is one of the most important factors that regulates lymphocyte
egress from the SLO to periphery via binding to receptor 1 (S1P1) (Chiba et al., 2011). It has been

stablished that in mice whose lymphocytes lack a single S1P receptor, (S1P1*"),

170



mature T cells are unable to exit SLO (Lo et al., 2005). Moreover, S1P1 overexpression in activated
B cells reduces their accumulation in the spleen and increase the ability of activated T
cells to exit the lymph nodes (Lo et al., 2005). It is also proposed that cyclical modulation of S1P1
on circulating lymphocytes is necessary to direct them to/from SLO, as expression of S1P1
receptor are reduced on lymphocytes during trafficking in blood and lymph and
increase within the lymphoid organs (Lo et al., 2005; Tsai and Han, 2016). Thus, considering the
importance of S1P1 in homing and egression of lymphocytes, modulation of S1P1 in SLO might
be a possible mechanism by which PEPITEM influence the lymphocyte. Furthermore, homing of
lymphocyte from blood into SLO highly depends on lymphocyte specific chemokines (CCL19,
CCL21, CXCL12, and CXCL13), as their expression in SLO is necessary to attract the
lymphocytes from circulation to SLO (Tsai and Han, 2016). Therefore, the effects of PEPITEM
on the expression of these chemokines and their receptors might give us more insight on

immunomodulatory effects of PEPITEM in SLO.

5.3.5 Limitations

Our study lacks a control group for mice on chow diet. Therefore, including a control group of
lean mice would be beneficial to clarify whether either of the 6- or 12-week HFD made the
sufficient metabolic as well as immune alterations required to achieve obesity related changes.
Similarly including a group of control mice on normal chow diet with PEPITEM treatment would
allow us to investigate the metabolic and immunomodulatory effects of PEPITEM itself at baseline

levels in WT mice, which to our knowledge it is not investigated so far.
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5.3.6 Conclusion

In conclusion we have observed PEPITEM therapy can limit the obesity induced islet
expansion independent of improvement in metabolic status and is able to restore the homeostatic
regulatory pathway in adipose tissue of obese mice. Thus, PEPITEM administration may be
considered as a potential therapeutic tool to overcome the obesity relatted changes occures in early
disease stage. However, more control groups including chow diet mice with or without PEPITEM

administration is required to fully interpret this result.
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s GENERAL DISCUSSION
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6.1 Summary of findings

In this thesis we first sought to understand and characterise the role of CDH13 in anti-
inflammatory effects of adiponectin focusing on PEPITEM pathway. As previously published
(Chimen et al., 2015) and this study also showed, adiponectin can strongly inhibit PBL
transmigration via PEPITEM pathway by acting on PBL. In addition, we showed the inhibitory
effect of adiponectin in T cell migration when acting directly on BEC, suggesting that endothelial
response to adiponectin was sufficient to dampen PBL transmigration. Furthermore, we
demonstrated that CDH13 and AdipoR1/R2 are expressed by BEC. There are previous evidence
supporting that, in absence of adiponectin receptors, adiponectin loses its protective effects
because of the lack of adiponectin signaling in different tissues (Denzel et al., 2010; Iwabu et al.,
2010). Here, we showed that individual knock down of CDH13, AdipoR1 or AdipoR2 abrogates
the capacity of adiponectin to inhibit PBL transmigration through the inflamed endothelium,
indicating the ability of these receptors to individually influence PBL migration and thus

potentially impact on the PEPITEM pathway.

Evaluating expression of CDH13 by BEC, we found increased surface expression and
decreased total (both surface and intracellular) expression of CDH13 following cytokine-
stimulation of BEC, which is in agreement with the previous evidence showed increased
expression of CDH13 in oxidative stressed-experienced BEC (Joshi et al., 2005) and subsequent
increased shedding from endothelial cells (Philippova et al., 2011). Here we showed that
adiponectin treatment reversed the effects of the cytokines on CDH13 total levels bringing them
back to the levels observed at baseline, suggesting the ability of adiponectin to modulation the
expression patterns of CDH13 during inflammation. Indeed, colocalization of adiponectin together

with CDH13 in vasculature was shown in previous studies suggesting their overlapping biological
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effects (Ivanov et al., 2001; Takeuchi et al., 2007). However, the mechanisms of action of CDH13
are not clear and further studies are required to get a better understanding of adiponectin-CDH13

interactions.

Mimicking a HG condition similar to T2DM in vitro, we determined how hyperglycaemia
effects PBL transmigration. Since the effects of hyperglycaemia on leukocyte-endothelium
interactions have mostly been investigated using in vivo animal models or in T2DM subjects, in
which both leukocytes and endothelium are simultaneously exposed to HG, using our in vitro
transmigration assay we were able to define the sole effect of HG on BEC or leukocytes behaviour
separately. For the first time we showed that HG differently effects the endothelium and PBL
behaviour and subsequent impact on lymphocyte trafficking. We found that HG significantly
reduced the ability of endothelial cells to support PBL transmigration, which was restored by
insulin supplementation, as would be the physiological response post digestion, or
supplementation with the T2DM treatment metformin. These findings emphasise the
immunomodulatory capacity of metformin and insulin in hyperglycaemic conditions like T2DM

regardless of their glucose lowering effects.

Furthermore, unchanged protein levels of CAMs in these experiments suggests that HG,
metformin, and insulin are not influencing the PBL recruitment through modulation of CAMs in
this study despite their previously shown capacity to modulate the CAMs (Aljada et al., 2000;
Abbasi et al., 2004; Bac¢un et al., 2008; Huang et al., 2019). Therefore, more in vitro experiments
assessing other factors, such as chemokine response in HG and supplemented conditions, are

needed to clarify the mechanism involved in this process.

In contrast to what we saw in BEC, we found increased adhesion and transmigration of PBLSs

in response to HG treatment of PBLS, suggesting activation of lymphocytes in hyperglycemic
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environment. Indeed, increased expression of leukocyte activation marker, such as integrins LFA-
1 (aLP2-integrin) and VLA-4 (04B1-integrin), were reported higher on leukocytes of patients with
T2DM (Stulc et al., 2012). Although our study reflects the functional activation of PBLs in
response to HG, it lacks the data about whether HG modulates the expression of these markers on
lymphocytes, which can be a suggested mechanism by which HG acts on lymphocytes. Moreover,
since the AdipoRs expression, particularly on B cells, remained unchanged following HG and
subsequent metformin and insulin treatment of PBLs, the modulation of these receptors is not
suggested to be a possible mechanism for these treatments here. However, here PBLs only
experienced a transient HG, which is not like chronic hyperglycemic condition in T2DM and
evaluating the AdipoRs expression on B cells from subjects with T2DM would be beneficial to

investigate the possible mechanisms of lymphocyte trafficking in this condition.

We clearly showed the efficacy of PEPITEM through reducing PBL migration across BEC in
vitro. The in vivo functionality of PEPITEM was previously shown using different models of
inflammation, where PEPITEM reduced the number of T cells in site of inflammation (Chimen et
al., 2015; Matsubara et al., 2020). Here for the first time, we investigated the metabolic and
immune modulatory aspects of PEPITEM in a HFD-induced chronic inflammation, while no
insulin resistance was developed in mice. We found no improvement in metabolic parameters by
either prophylactic or therapeutic administration of PEPITEM despite a significant limit in
pancreatic islet expansion in both PEPITEM treatment conditions. This decrease was greater when
PEPITEM was administrated prophylactic or in other word before the HFD-induced alterations
was stablished. Our data suggests that PEPITEM limits HFD-induced pancreatic islet expansion
independent of its effects on glucose homeostasis. Indeed, PEPITEM action here was similar to

metformin mechanism of action, which has been shown to suppress the HFD-induced islet
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expansion before the development of insulin resistance via blocking the glucose-induced
replication of beta cells (Tajima et al., 2017). However, the mechanism by which PEPITEM
suppress the HFD-induced islets expansion is unknown and the sole effect of PEPITEM on beta

cells mass in non-obese wt mice has not been investigated yet.

For the first time, in this study we showed a regulatory effect of PEPITEM on visceral adipose
tissue mostly by limiting T cells recruitment. Indeed, increased infiltration of T cells into adipose
tissue was shown in interaction with innate immune cells (macrophages) in obese subjects (Duffaut
et al., 2009; Morris et al., 2013). Here, decreased number of T cells along with unaffected number
of macrophages in visceral adipose tissue in both prophylactic and therapeutic treatment with
PEPITEM, suggest that PEPITEM exerts its immunomodulatory effect on adaptive cells in adipose
tissue. Furthermore, decreased adiponectin levels (both in circulation and adipose tissue) has been
previously reported in obesity (Lu et al., 2008) and suggests the possibility of impaired PEPITEM
pathway in our HFD mice is more like, and which seems to be compensated by PEPITEM
treatment through its ability to restore the homeostatic pathway regulating T cell recruitment in

visceral adipose tissue.

CD8* T cells and macrophages are two major population of leukocytes that are known to
induce insulin resistance and metabolic changes in fat inflammation (Eller et al., 2011; Liu et al.,
2021), suggesting that unchanged systemic metabolic status between treated and untreated groups
in our study might be associated with unchanged number of CD8" T cells and macrophages in
adipose tissue in PEPITEM treated mice. Furthermore, the accumulation of senescent T cells in
adipose tissue of HFD mice was shown in association with insulin resistance (Shirakawa et al.,
2016; Kiran et al., 2021). In our study, reduced number of T cells expressing KLRG1 were

significantly decreased in visceral adipose tissue of PEPITEM treated group, suggesting a
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therapeutic potential of PEPITEM to restore the normal profile in adipose tissue. However,
reduced number of senescent T cells with PEPITEM was not associated with any change in
metabolic parameters in our study, indicating PEPITEM may influence the immune system

independent to metabolism.

Our data from SLO (spleen and inguinal LNSs) indicates that therapeutic, but not prophylactic,
treatment of PEPITEM (when the 6-week HFD-induced damage is stablished) in HFD mice alters
leukocyte trafficking to these organs mostly through affecting the adaptive immune cells. Both
increase (Kiran et al., 2021) and decreased (Kim et al., 2008) number of lymphocyte were reported
in LNs of HFD mice. Indeed, increased number of T lymphocytes in SLO along with no change
in number of antigens presenting cells like macrophages in these organs suggest that PEPITEM
possibly retains the lymphocytes in secondary lymphoid organs. However, the mechanism by
which PEPITEM does this is not clear and more studies are required to see if PEPITEM effects
the lymphocyte specific chemokines (Tsai and Han, 2016) in SLO or acts through modulating S1P;

a (potent regulator of lymphocyte egress from SLO) (Chiba et al., 2011).

1.2 Future directions

CDH13

e Further evaluating the localization of CDH13, AdipoR1/R2 and adiponectin at cellular
levels using confocal imaging by including more conditions, such as individual knock
down of these receptors, would help to investigate the role of these receptors in adiponectin

signaling.
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e Further investigating the protein expression of CDH13 in inflammation vs baseline by
including other techniques of protein measurement, such as western blot, to support the

flow cytometry data and clarify CDH13 modulation in inflammation.

HG, metformin, and insulin

e Analysing dynamic behavior of leukocytes in response to HG, metformin, and insulin

treatments to quantify their behavior in a more physiological context.

e Evaluating expression of leukocyte activation markers, such as integrins LFA-1 (aLp2-
integrin) and VLA-4 (a4p1-integrin), following HG treatment to confirm their activation

in response to HG.

e Evaluating the endothelium-leukocyte interaction in response to pathological/prolonged

exposure to insulin concentration similar to those observed in T2DM.

e Investigating the AdipoRs expression in PBMCs from patients with T2DM and measuring

the capacity of adiponectin and PEPITEM in regulating PBL recruitment in vitro. [This

aspect of the project was delayed due to COVID].
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PEPITEM

Adding more control groups, including chow diet mice with or without PEPITEM
administration to compare the PEPITEM effects with baseline levels, as well as investigate

the metabolic and immunomodulatory effects of PEPITEM in non-obese WT mice.

Evaluating the effects of PEPITEM on insulin secretion by beta cells either via performing

insulin tolerance test or Glucose-Stimulated insulin Secretion (GSIS).

Placing mice on HFD for longer timeframes, such as 16 weeks, to create a glucose
intolerance mice model closer to T2DM to allow understanding of PEPITEM effects on

metabolic and immune changes occur in T2DM.

Measuring the adiponectin and PEPITEM levels in circulation in HFD mice to see how
PEPITEM pathway is modulated in obesity, and check if PEPITEM administration via

mini pumps effectively increased the PEPITEM serum levels

Evaluating the expression of CDH15 by visceral adipose tissue to confirm the involvement

of PEPITEM/CDH15 axis in adipose tissue in obese mice.

Evaluating the chemokine response in visceral adipose tissue of obese mice to allow us to

better clarify PEPITEM mechanism of action in regulating T cells.
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e Evaluating the functional and proliferative capacity of KLRG1" T cells to confirm their

senescence.

e Evaluating the modulation of S1P1, as well as lymphocyte specific chemokines, in SLO to

understand the mechanism by which PEPITEM retains the lymphocyte in SLO

In conclusion, we have shown a crucial role of CDH13 in functionality of PEPITEM
pathway. We also showed that HG differently affects the endothelium and PBL behaviour.
Moreover, metformin and insulin supplementation of endothelium restores its ability to support
the PBL recruitment. Finally, we showed that PEPITEM therapy can limit the obesity induced
islet expansion independent of improvement in metabolic status and is able to restore the
homeostatic regulatory pathway in adipose tissue of obese mice. Thus, PEPITEM administration
may be considered as a potential therapeutic tool to control the magnitude of obesity related

inflammation and overcome the changes occurs in early disease stage.

Graphical abstract of our findings is shown Figure 6.1.
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Figure 1.6 PEPITEM regulation of lymphocytes during inflammation. (A) Binding to AdipoR1/R2
on B cells, adiponectin induces PEPITEM production by B cells. (B) Binding to its endothelial receptor
(CDH15), PEPITEM results in inhibition of T cell transmigration through inflamed endothelium. (C)
Adiponectin signaling through CDH13 also inhibits T cell transmigration. (D) PEPITEM is able to inhibit
T cell infiltration into the visceral adipose tissue and (E) suppress lymphocyte mobilization from
secondary lymphatic organs such as lymph nodes and (F) spleen to peripheral tissues during HFD induced
inflammation.
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Type 2 Diabetes Meliitus (T2DM) is a chronic inflammatory disorder that is characterized
by chronic hyperglycemia and impaired insulin signaiing which in addition to be caused
by common metabolic dysregulations, have also been associated to changes in vanous
immune cell number, function and activation phenotype. Obesity plays a central role
in the development of T2DM. The inflammation originating from obese adipose tissue
develops systemically and contributes to insulin resistance, beta cell dysfunction and
hyperglycemia. Hyperglycemia can also contribute fo chronic, low-grade inflammation
resulting in compromised immune function. In this review, we explore how the trafficking
of innate and adaptive immune cells under inflammatory corndition is dysregulated in
T2DM. We particuiarly highlight the obesity-related accumulation of leukocytas n the
adipose tissue leading 1o insulin resistance and beta-cell dysfunction and resulting
in hyperglycermia and consequent changes of adhesion and migratory behavior of
leukocytes in different vascular beds. Thus, here we discuss how polential therapeutic
targeting of leukocyte trafficking could be an efficient way to control inflammation as well
as diabetes and its vascular complications.
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INTRODUCTION

Inflammation is a protective response against harmful stimuli such as injuries, infections and
toxins, which requires the trafficking of leukocytes from the blood stream to the site of
inflammation within damaged tissues. This process is critical for elimination of harmful stimuli and
for tissue repair and is tightly regulated by a variety of mediators such as cell adhesion molecules,
cytokines and chemokines (Wright and Cooper, 2014). Leukocyte behavior and their recruitment to
tissues is modified under inflammatory conditions such as in Type 2 diabetes (1T2DM) (Wu et al,
2011). T2DM is a chronic inflammatory disorder characterized by hyperglycemia and impaired
insulin signaling and production (Calle and Fermander, 2012). Comp ts of the immune
system are altered in T2DM, with the most apparent changes occurring in the adipose tissue, the
pancreatic islets, the vasculature and in circulating levkocytes (Donath and Shoelson, 2011; Mrax
and Haluzik, 2014; Eguchi and Nagai, 2017), Indeed, cellular stresses, such as oxidative stress and

Fobrusry 2021 | Volume 8 | Articie 5241584

Frontiers mn Gell and Develops

Beology | oy ]



Potwran of al.

Loukooyts Traficking in Disboins

lipotoxicity casse insulin resistance and pancreatic islets
i .mirﬂtﬂmhﬂmnﬂﬂn’muﬂa&
b exacerbated by local inflammation. Patients with T2 hawe
levated levels afinil ry cytokines (such as 11- 18 and I1.-6)
and chemokines (such s CCL2, CHNCLE) (Donath and Shoclson,
2011). This rise in inflammatery mediztors completely maodifies
lenkocyte behavior and recruitment into tissues, which in turm
oontribules o maintenance of inmbin redsianoe, loss of mslin
secretion and accelerates t of micro and macro-
vascular complications (Wa et al, 2011). Clinical studies show
that targeting inflammation wsing small molecnles or bislogical
agents to turn off pro-inflammatory cytokines, deplete immune
cells or block regulatory surface receptors, results in improved
blood glecose levels and insulin sensitivity (Larsen ef al,
2007; Domath and Shoelson, 2011). Obesity, particularly visceral
adiposity, is 2 major risk factor for TADM (Donath and Shoclson,
2011} and the adipose tissue of patients with T2DM andlor obese
paticnts appears to be a major site of inflammation (Lontchi-
Yimagou et al., 2013). Both innate and adaplive immune cells
present in the adipose tissne have critical roles in the regulation of
meetabalic homeostasis. Dysregulated trafficking of leukocytes is
observed in the adipose tissue and s associated with a shift in cell
populations from an anti-inflammatory to a pro-infammatory
profile in abesity {Exser et al., 2014). This switch to a production
of pro-inflammatory cytokines leads to the devdopment of
systemic low-grade inflammation, which resualts in impaired
insulin signaling, beta-ocll dysfunction and subsequent insulin
resistance {Esser et al, 2004), Hyperglycemia rises as the
pancreas fails to compensate insulin resistance (Donath and
Shoelson, 2011). Hrpﬂal'pnmualhmlﬂldslnmuhunman]
induces systemic inflammation by stimulating the production of
ﬂ'hnunal.trrcr‘lnlunu {Moshila et al, 2002; I}u'na.ruﬁ;.ut:]
2007) and chemokines, resulting in endothelial dysfunction
(Mguyen et al, 2002). This review will sunmarize how TZDM-
related changes in the expression of adhesion molecules and
chemokine receptors/ligands drive endothelial dysfunction and
wmhhquhzﬁdungmﬂ:rmﬂmmrm
which altimatcly leads to disbetic complications (Flgare 1).

THE MOLECULAR PROCESSES OF
LEUKOCYTE RECRUITMENT IN
INFLAMMATION

Recruitment of leukocyiss i triggered by the local release
of inflammatory mediators such as histamine, tumor necrosis
factor-alpla (THFu) and interferon-gamma (IFNy) in inflamed
Hizsoe ':[.‘il.l. et al., 204 ?jung et al., 2010; Muller, :HII."I-:I. Thes=
mediators induce the expression of specific adhesion recepiors
mich as selecting, adhesion molecules and chemokines, which are
cxpressed or presented at the surface of endothelial cells (ECs)
and bind e integrins or chemokine receplors located at the
surface of leukocytes (Fhang ot al., 2011). Selectins interaction
with their ligands resulls in leukocyte tethering and molling
from rapidly flowing blood (Kansas, 1996; Harjunpdi et al.
2019). Selecting are transmembrane clcium-dependent lectins
that consist of three functionally different adhesion maolecules

expressed by ECs (E-selectin), platelets and ECs (P-selectin and
lenh'u.'rlﬁ ﬂ.,-szlﬂ:un} I:M:F.'n:r. ZﬂIS}. 1.-zedectin and Poselectin
mediate fast rolling of leukocyte through sequential interactions
wil\ll'h:ir]ip.m‘].s. |Im.51nwrul|'ingm:.r:mﬂ5nln:|
by E-sclectin on ECs binding to E-scectin ligand-1 (ESL-1) or
P-selectin glycoprotein ligand 1 (PSGL-1) on leukocytes (Yago
et al, 2000). Lenkocyte arrest and migration on the endotheliom
depernds on chemokines (Luu et al, 2000). The shili from
tast rolling to slow rolling allows G-protein-coupled receptors
{GPCRs) on keukocytes to bind to the chemokines expresssd on
the surface of ECs, which induces leukocyte integrin activation
amd enables leukocyte firm adhesion to the vessel wall (Glagulli
et al, 2004; Rutledge and Muller, 2020), Integrins are a family
of transmsembrane receptors expressed by leukocytes. Both ogfy
integrin or very ke antigen-4 (VIA-4) and ayfly integrin or
lymphocyte function-associated antigen-1 {LEA-1) hawe been
found o play a role in keukocyte arrest (Uotila et al., 2004).
oyl is expressed on leukocytes as a resting low affinity state.
Conlurmatisnal changes are required [ integrins loswitch from
a lowr affimity state to an active high affinity state enabling them
i bind e their ligands expressed on the endothelivm (Kim
et al., 2003 Ley et al,, 2007 Fan and Ley, 2005). The activation
of integring is mediated by chemokines and results in integrin
extension and changes in the cytoskeleton of lenkooytes, enabling
tight adhesion on the vessel wall (Rutledge and Muller, 2020).
LFA-1 and VI.A-4 om lenkocytes, bind to their respective ligand
ICAM-1 and VCAM-1 on ECs, mediate leukocyte adhesion
(Fhyduk et al,, 2007; Kowano et al, 2010} and induce intracellular
sigmals to allow leakocyte arrest (Ciagulli of al., 2006; Kummer
and Ehnet, 2018). hﬂh&"ﬂﬂlﬂlﬂ:ﬂlﬂlﬂhﬂ'ﬁdﬁpﬂhﬁlﬂd
prepare for transendothelial migration (Rutledge and Muller,
2020). Additional downsiream s'ﬁ;nak such as pn.maghndin-
32 (PGI¥2) signals are required for shape change and dynamic
transmigration of activated beukocytes (Ahmed et al, 2011).
Macrophage integrin-1 (Mac-1) or CIIK/CTNA, also known
as fle, interaction with ICAM-1 expressed by the inflamed
uﬂnﬂ\dﬁmiismqnﬁu:“urlhcmrimrﬂ'hhqhﬂfmn
tight adhesion to crawling along the vessel wall (leukocyte
lrmrrwﬂim}hhﬁmﬂanﬁhﬂcshc‘urrmundnﬂﬂh]
migration (Schenkel ot al, 3004). Leukocytes either transmigrate
route), or through the body of the ECs (transcellular route)
(Ley et al, 2007). In the parwellular route, the distribution of
junctional molecules is modified in inflamed BCs in a way that
facilitates transendothelisl cell migration (Shaw et al, 2001).
Tunctional molecules such as platelet’endothefial-cell adhesion
molecule 1 (PECAM-1) and junctional sdbesion molecule A
(JAM-A) may support leukocyte migration through mohilizing
to the luminal surfsce where they can bind to their ligands
expressad on leukocytes and goids them to the junctions (Muller,
2003), JAM-A interaction with oy fy allows strong sdhesion of
activaled leukocyle to the embothelivm (Kummer and Ebnet,
2018). PECAM-1 is expressed at BC junctions and leukocytes
(Mewman et al, 1990). When leukocytes reach the site of
transmigration, the homophilic interactions between PECAM-
1 on leukocyles with PECAM-1 on the endotheliom cses
a transient increase in cytosolic calcum in ECs which guide
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the leukncytes tn the junctions (Ley, 2007; Muller, 2011). Like
PECAM-1, CD99 (Schenkel et al., 2002) and CDS9LE, expressed
at B junctions and on leukocytes, rely on a homophilic
interactions to promote lenkocyte extravasation (Schenkel ot al.,
200; Seelige el al, 2013; Rutledge et al, 2015). In ECs, the
major functional component of the adherent junction is VE-
cadherin. During transendothelial migration, there is a transient
gap in VE-cadherin at the site of the transmigrating leukocytes,
which facilitates transmigration (Defana and Glampietro, 2012)
This gap has been shown to be triggered by comstitutive
shedding of VE-cadherin by ADAM-10, which is

by Tspans and Tspan17 and therefore allows T-cell diapedesis
(Reyat et 4., 2017).

Transcellular leukocyte migration anly occurs for a minority
of cmigrating cells and mostly takes place in thin parts
of the endothelium (Carman and Springer, 2004). In this
route, eukocyte migration eccurs through membrane-associated
channels, which act as a gateway for leukocytes through the bady
of ECs, In fact, the preferred route of leukocyte transmigration
depends on the lekocyte type and abo the type of vascular bed
(Drworak and Feng, 2001), The endothelium is heterngeneous in
different vascular beds, depending on the size and the organ
considered (Aird, 2007). ECs in the arterioles of the vascular
systemn have lower permeability to leukocytes, whereas those in
the venules are thinner and permissive allowing leukocytes 1o
casily transmigrate particularly in postcapillary venubes (Diejana
ﬁaLmlnﬂimﬂuﬂMﬂhrhmhm

mare permissive such as in lymphoid organs (Miyasaka and
Tanaks, 2004), or very tight such as in the central nervous system
{Walburg and Lippoldt, 2003).

To reach inflamed tissues, leukocytes noed to migrate through
the basement membrane. The basement membrane is made
up of laminin and collagen type TV (Mutgan ot al., 2020} In
murine models, leukocytes cross the basement membrane al areas
with low expression of laminin (Song ot al, 2017). PECAM-
1, CD99, and CDA9LE are required for homophilic interactions
between lenkocyte and ECs to initiate the migration through the
basement membrane (Thompeon et al, 2000; Bixel et al, 2010
Sullivan et al, 2016}, Levkocytes express several membrane-type
matrix metalloproteingses (MMP) including the secreted- and
membrane-anchored MT-MMPs, which develop an appropriate
proteolytic reaction (Marco ot al, 2013) and cnable cells to
cross Lhis struclural barrier. However, the exact mechanisms still
remain to be fully characterized. Finally, following a successful
li.'l.pu:lz:is. len.lanl:l wiilize a chemakine Er.ltlmnl. o 'u'nsnl:
toward the site of infection upon their entry into inflamed tissucs
{Ley et al, 2007).

EXPRESSION OF ADHESION
MOLECULES IN T2DM

Cell adhesinm mulecules (CAMs) are ghroproteins expresssd on
the surface of various cell types such as BCs and beukocytes
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(Galkina and Ley, 2007). Upon inflamemation, vascular ECs
mmnpnrqllnluth:n‘prﬁﬁuﬂrfﬂh“:lhﬂimﬂu
attachment of keukocytes to the endothelium (Cook-Mills et al.,
M11). Sedectins, TCAM-1 and VCAM-1 are the major CAMs
responsible for leukocyte adhesion (Huoo and Ley, 2001 ). Soluble
form of CAMs (sUCCAMz) in the drewlation indivectly reflect the
rate of endothelial cxpression and activation of CAMs since they
are shed from the surface of BCs and lymphocytes alier being
activated (Abe cf al,, 1998), Elevated expression and activity of
CAMs are therefore indicative of inflammation and endothelial
dysfunction (Cook-Mills et al., 2011},

Soluble CAMs and Selectins
The baseine levels of crculating E-selectin, DCAM-1, and
VCAM-1 were found higher in patients with T2DM compared
to healthy controls (Meigs of al., 2004). A study on 150 Japancse
patients with TZIN showed that higher serum concentrations
of sWVCAM-1 and sE-sclectin were positively correlated with
fasting plasma glocose bevels, and negatively correlated with
insulin sensitivity (Matsumobto ef al, 200Z), Higher levels of
d:Lu]aliuﬁ{lﬁ.M:h'ﬂlJM is linked 1o an increased production
of advanced ghycosylation end products (AGEs) and oxidative
stress occurring under hyperglycemic conditions (Hadi and
Al Sowaidi, 2007} The interaction of AGEs with the vessel
wall components increases the generation of resctive oxygen
species, which results in an increase in the surface expression
of CAMs on activated ECs (Wen et al., 2002; Basta ef al., 2004;
Farhangkhoee et al., 2006),
EXpTEsgi ol adhesi molecules on Bl from Iﬂ]I]::r
volunteers and from patients with  non-insulin-dependent
diabetes in vitre (Okouchi el al, 2002). Cuolture of ECx in insalin-
rich medium {over 50 microlfnitiml) for 24 h increased the
surface expression of PECAM-1 but not of ICAM-1, P-selectin
or E-selectin (Ceowchi et al., 2002), This was clearly associated
with an increase in neutrophil adhesion therefiore suggesting that
I'ﬂd: 1I'B|'I:IIJI1 ﬂ'ITld'hﬂT.LI PI'I'H'I'II'DE rn.ﬂ:nlncr 1I'IJITITIT.|d 'H'E'I'E':DI'E
T2DM-associated macro- and micro-vasoular complications.
]'Imarnnﬂ'lt:lndrun '?ﬂ-[nbmlsmthnmicm insulin
levels of serum sICAM-1 in these patients irrespective of the type
of diabetic complication when comipared to age-matched healthy
controls (Hocaogls-Emre et al, 2017). Since the participants
with T2DM were also receiving angiotensin-converting enzyme
[ACE}-inhibitor agents, decreased levels of sICAM-1 might
have resulted from the combination of insulin and ACE-
inhibitor therapies. Indeed, both insulin and ACE inhibitors can
individually inhibit CAMs surface som on FCx as well
as their circulating bevels (Drexler et al, 1995 Aljada et al,
2000). However much remain to be darified in this area as
the effect of both insulin and ACE inhibitors scems to vary in
dilferent patient cohorts. Some studies have hypothesiced that
these discrepancics between cohorts are linked to the degree of
complications and the bigger impact seems b oocur in late-stage
diabetic complications when other treatments such as ACE-
inhibitewrs are used The conllicting evidence about the levels of
sCAMSs in the circulation suggests that different CAMs may play

different roles in the different stages of vascular complications in
T2OM (Hooghs-Emre et al, 217}

Surface Expression of CAMs on the

Endothelium

Variations in the expression of adhesion molecules on the
vasculature play a role in mi in palienis with
T2DM by enhancing leukocyte adhesion in the vasculature and
causing capillary obstruction (McLeod et al,, 1995). This has been
ohserved in different vascular beds and is linked to a majority
of complications such as disbetic nephropathy (Gu et al, 2013)
and retinopathy (Mcleod et al, 1995). A stody on 40 patients
with TZDM showed a significant increase in the expression of
TCAM-1 and VCAM-1 on vascalar ECs from the conjunictiva in
comparison with conjunctiva from healthy controls (Khalfaoui
el al, 2008). Confocal microscopy imaging of retina vessels
in streptozotocin (STZ)-indoced hyperghycemic mice reported
increased VCAM-1 profein levels afler B weeks, and this
was synchronized with the expression of the inflammatory
cytokines THFz, IL-6 and intedenkin 1 beta (IL-1g} in the
reting (Gustavsson et al., 2010). However, not many studies have
performed in depth study of leukocyte recruitment in patients
and in mice maodels 1o show that defects in leakocyte recruitment
codibd mean keukocyte trafficking is impaired despite upregulation
of endothelial CAMs,

Vascular adhesion protein-1 (VAP-1) is an enzyme and an
Mﬂrﬂdﬂml:mlirdr:tprmﬂlh‘rﬁfk. smooth muosdle,
and the adiposc tissue (Koo cf al, 2019). Endothelial VAP-1
supporis ]u.lh:u:,rl: :mllins, firm adhesion, and mn'wr.lﬁun
{Saktmi and Jalkanen, 2019), The catalytic activity of VAP-1 can be
mﬂqﬂnﬁmﬂhmhmﬂﬂhﬁ&
are imvolved in the pathogenesis of diabetic complications such
as retinopathy, nephropathy, neuropathy, and atheroscerosis
{Stolen ot al., 2004).

Vascular adhesion profein-1 expressed on the vessels in the

ic islet of Mon-(dhese Diahetic (MO} mice (model
of TIDM) was associated with high degree of ymphocyie
infiltration into the islets (Rono et al, 1999), Tnvalidation of
the gene encoding VAP-1, using a noll mutation in the amine
wxidase copper-conlaining-3 (ACC3), decreased] infltration of
T-cellz, macrophages and NE cclls in both cpididymal and
inguinal white adipose tisue of AOCI-KO mice compared 1o
age-matched wild-type controls, This reduction in lenkocyte
infiltration was assoeciated 0 a reduced capacity of leukocyte
extravasation normally enabled via VAP-1 (Jargaud et al., 2020),
Serum VAP-1 levels are higher in patients with T2DM and
in patients with chronic kidney dissase, which makes serum
VAP-1, a good predictor of end-stage renal disssse in diabsetic
patients and a useful biomarker to improve risk stratification
of patients with T2DM (Li et al, 20016). Many i vivoe studics
further validate the role of VAP-1 25 an anti-inflammatory target
(X et al, 2006; Foot ot al, 2013 Carpéné et al, 2009). Indeed,
administration of a long-lasting VAP-1 and 2 inhibitor, PXS-
4681A, in a monse model of LPS-induced lung inflammation
atternated newtrophil migration into the langs (Fool et al,
2013), PXS-4681A is a promising drug candidate as it ensures
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complete and long-lasting inhibition of the enzymes after a single
low dose in vive and could also be tested in other models of

Surface Expression of CAMs on
Leukocytes

Leukisyte adhesion w the endthelivm is mediated by surface
integrins expressed on leukocytes such a5 macrophage integrin-
1 (Mac-1) or CD1IBACDIS, also known as aufly (Cardos and
Harlan, 1934). In a smdy comparing patients with T2DM to
age-matched healthy controls, basal expression of CD11b on
mﬂmﬁdﬂmﬁﬁmmcm
(Sampson et al, 2002). However, higher expression of CD11b
was shserved on monocytes after 2 ghecose load in both T20M
and control groups This soppests, an association betwesn
hyperglycernia and monocyte-endothelial interactions through
increased expression of monocytic CD 1b (Sampson et al, 2002).
Higher expression of CD11b in both diabetic and control groups
after a ghucose load could be doe to the translocation of stored
COUb we the cell surface in responss W any acate or sudden
change in plucose levels regardless of basal plasma glocoss
(Sampson et al, 2002). However, another group later found
higher monacyte expression of CD11b at baseline in patients
with obesity, which may suggest higher degree of leukocyte
activation with increased adhesive properties in this group
compared to lean participants (Van Oostrom of al, 2004). This
was not limited to monocytes as later de Vries ot al. (2015) alse
mmmﬂmwmw

animal model of non-obese TZDM (Shirakawa et al, 2011).
T¥PP-4 inhihition in this model led to a significant reduction in
adipose tissue infiltration of CDEY T-cells and M1 macrophages
w‘hi:l\mmﬁ:udmd:ﬂmﬂdmm-uprmim levels of
THF-a and MCP-1 in the adipose tissuc (Shirakawa et al,
2011). Becanse DPP-4 mediates the ceavage of many chemaokines
amd adipokines, inhibition of DFP-4 may causc off-target
side effects and further research is needed 1o clarify this
(Shirakawa et al., 2011),

In addition, Zhuge et 2l (2016) found that the expression
of DPFP-4 was mainly detected and wp-regulated on F4/80
macroplages in the white adipose tissue of HFD-induced obsese
mice). Oral administration of the DPP-4 inhibitor, |mas|1|1lm
caused an anti-inflammatory macrophage polarization with a
dymamic M2 shift of macrophages within the adipose tissoe
of HFD-induced obese mice compared to non-treated obcse
mice, and this contributed 1o the attenuation of whole-body
insulin resistance (Zhoge ot al, 2016). In this study, the anti-
inflammatory effects of DPP-4 inhibition were dee 1o a decreased
in ROS generation and an attenuation of oxidative stress in the
while adipose tissue (Zhege el al, 2016). Los of macrophage
inflammatory protein-la (MIP-la), a chemokine and potential
DPP-4 substrate, abrogated the M2 macrophage-polarizing and
insulin-sensitiving effects of linagliptin in MIP-1x ¢ mice on
HFD. This suggests that MIP-1a oy be 2 substrate for DFP-4
and comtributes to the regulation of macrophage pelarization in
obesity models (Fhoge of al., 2016).

Altogether the in vive studies highlight a potential role of
DPP—-! hﬂwmnﬁjlaﬁmofkﬂnqiemmnbfm

in adhesion o E-selecting on phils from |

T2, Change in EDGEmbemmhmdmnhﬂnmmnwlnl
recruilment o the vasculature but also indicates newtrophil
activation and degranulation (Weher, 2000), which confirms how
hyperglycemia can lead to exscerbated inflammatory respomnses.

Diipeptidyl peptidase-4 (DPP-4) or CD3 is an amino-
peptidase  expressed in nemerows  Gssees  including  the
vasculature and in immune cells (Mentlein, 1993 Lambeic
ot al, 2003), DPP-4 cleaves dipeptides from the N-terminas of
Tru'nr:bﬂ'rlnkinumul Erﬂ*iTlﬂ.mlll"rlFtﬂ'l |'|=rr|.||li'rrnm
proline or an alanine (Broxmcyer cf al, 2016). DPP-4 controls
me rq;nhjnﬁbiuacﬁvil"n[ﬂu:imﬂin
hormone and plucagon-like peptide 1 (Aupustyns et al., 2010).
Invelverment of DPP-4 in metabolic control mises the possbility
that it may play a role in metabolic diseases such as diabetes and
obesity (Mulvihill and Drocker, 2004; Omar and Alrén, 2014).
Given its various roles and its altered expression and activity,
DPP-4 has been implicated in several pathological processes,
indluding inflammation, viral entry and immune medizted
diseases (Lamibseir et al, 2003; Yu et al, 2010).

Plasma levels of DPP-4 and croulating DPP-4 activity both
increasce with obesity and this correlates with insulin resistance
(Mubvihill and Drucker, 2004; Ahmed e al, 20017). Numeroos
studics have detailed the effects of DPFP-4 inhibitors on insulin
andfor glecagon secretiom, bul Litle evidence indicates that
DPP-4 inhibitors directly improve chronic inflammation. The
ellects of PP inhibition was investigated in diet-induced
adipose tissue inflammation wsing (Gek*/?) disbetic mice, an

imes. However, this has net been extensively investigated
Jndwmdmprmmd}wrcmmﬂjmdmmmm
H:ﬁullhhmm'm::ﬁnnﬂspﬂ:lﬁ:impﬂmru]:n‘ﬂ?l’-lu
inhibiting chemokines, The approved DPP4 inhibitors being wsed
in clinic, such a5 sitagliptin and vildagliptin are based on the
ability of PP4 to lower glucose rather than its regulatory effects
on inflammation (Deacon, 2018).

Similar to studies investigating endothelial expression of
adhesion molecubes in TXDM, data showing changes in adhesion
leukocyte recruitment in targeted tissues, instead this has been
umhbﬂfnnnkmlwh#m- ion mulecule profiles and
function in “normal” inflaimmatory responses, in uﬂu‘r madels
I:I'Ill.l"ﬂ'rlﬁm.

EXPRESSION OF CHEMOKINES AND
CHEMOKINE RECEPTORS IN T2DM

Chemokines and their receplors play a central role in leukocyte
h:.ﬁ:ﬁngmﬂmimﬂvnd'in the [l:lﬂ'u'q'l"qeit'llnsrnfﬂnu
(Buraczynska of al., 2012). Production and release of cptokines
and chemokines including OC-chemokine Lgand 2 (CCL2),
CCL3 and CHC~chemokine ligand & (CXCLS) is incressed
in the adipose limoe and pancreatic isels of patients with
TIDM (Donath and Shoclson, 2000; Xu et al, 2015), This
is associaled with an incressed recruitment of macrophages
in these fissues, and thus contributes to tissue inflammation
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(Donath amd Shoelson, 2011; Xu et al., 2015). CCL2 (also known
umfp-l:li:hwunhmglﬂcmurnﬂ'nihmrtbr
directing monocytes migration from the bone marmow to
inflamed tissues (Crane et al, 2009 Boels et al, 2017), The
CCL2-CCR2 axis has a key role in diabetes-related complications
such as retinopathy, nephropathy and neuropathy (While et al.
2008, Thu et al., 2004 Moreno ot al, 2008; Monickaraj ct al.,
2020). Indeed, contribution of CCL2-CCH? axis o ]mhuqiﬂ
Tecruitment into the injured nerve was shown nsing a preclinical
mirded of peripheral neuropathic pain induced by chronic nerve
comstriction (CCI) in Sprague-Dawley rats (Van Steenwinckel
et al, 2015). This study shows that CCl-induced mechanical
hypersensitivity in rats upregulated the expression of (OC12
and increased local macrophage infiltration in the sciatic nerve
compared to the sham group (Van Steenwinckel et al., 2015)
In comtrast, in the same stady, CCL2-deficient mice presented
attenuated  CClindoced mechanical hypersensitivity as well
a8 decreased number of macrophages infiltrating the injured
sciatic nerve. Allogether, these fmdings soggest that (012
could play an important role in mediating nenropathic pain by
hﬂﬂﬂ:ﬁ]mﬂjﬁﬂﬂlﬂhﬂhmhlﬂnﬁh‘rmﬁd}nﬂ
nearg-immune interactions during inflammation-induced pain
(reviewed in White et al., 2009).

In addition, upregulation of the OCL2 gene was alse
demonstrated in retines of STEZ-induced disbetic rats, and
this was coincident with the trafficking and infiltration of
NUMCroNs monocytes into the reting (Rangasamy ot al, 2014).
Furthermaore, using CCL2 knockoot (Col2 /) mice, the same
authors found significantly decreased monocyte/macrophage
traflicking into disbetic Col2 ™/~ retinas, indicating that this
chemokine may be essential for the alteration of the blood-
retinal barrier {Rangasamy el al, 2014). The role of CCL2-COR2
axis is also widely investigated in dinbetic renal injuries, Indeed,
accumulation of macrophages in the kidney was reduced in Cel2

I disidh doubde knock-out diabetic mice compared 1o Cef2
¥ dbfdl animals (Chow et al., 2007). Immunohistochendstry
results from Hﬂnqliqﬂiﬂ nfp.'lliurb: with T2DM showed
overexpression of CCL2 and CCR2 in the glomerali of these
patients compare o healthy kidneys (Tarabra et al, 2009).
This was accompanied with reduced nephrin cxpression in
cultured podocytes from T2DM patients (Tarabra et al., 2009).
Morcover, in the STZ- model of diabetes, induction of diabetes
increased albaminuria in CCLEH Y mice, which was significmily
reduced in CCL2-deficient mice. Together these studics suggest
a pathogenic role of the CCL2ZCCR2 axis in the development
of diabetic nephropathy (Tarabra et al, 2009) and targeting
this pathway could be a potential therapeutic avenue to
infiliration of leukocytes.

Other chemokines and their receptors are also changed in
T2DM. CEICL] was found at higher levels in the subcutancous
adipose tissue of patients with TZDM amd in obese people
when compared to patients with normal weight and also was
shown Lo modulate monscyte sdhesion o sdipocytes (Shah etal
2011). CCLS (RANTES) was also found at higher levels i the
circulation of 236 patients with T2DM, 242 individuals with
impaired glecose tolerance (IGT) but not in 244 individuals

with mormal glycemic control (Herder et al, 2005). However,
Hgﬁﬁ&nlﬁﬁqhﬂsﬂﬂfﬂjmm@li&mlhmﬁnﬁ
with other inflammatory variables and metabolic parameters,
suggesting more studies are requirsd o evaluate the novel
hypothesis that CCLS is a risk factor for T2DM.

Infiltration of inflammatery lenkocytes in adipose tissue plays
an important role in the devclopment of insulin resistamce,
The inflammatory cytokines secreted by these cells interfere
with insulin signaling and decrease glacose uptake in peripheral
tissues (Asghar and Sheikh, 2017) Studies looking at ways
to down-regulate shermant recruitment of leukocytes as a8
mean to control inflammation and therefore restore insulin
sensitivity have targeted chemokine receptors such as CCRS and
CCRE CCHRS a chemokine receptor expressed by T-cells and
macrophages, plays a critical role in recruitment and polarization
of macrophage in inflanmation. Kitade of al. (2012) showed that
a higher gene expression of CCRS in the while adipise lissue
of High Fat Dict (HFD)-induced obese mice was concomitant
to an accumulation of macrophages in this tissue. Importanily,
mmdcﬁmﬂhrcmﬁmtmmﬁmdwmmm

i e amd ik 'nun'na]]r induced by HFD. Loss
of CCRS was associated with a reduction in total adipose
tissue macrophage content and polarization of macrophages
toward and an anti-in M2-dominant phenstype in
the adipose tissue (Kitade ot al, 2002).

The administration of a dual CCRZNOCRS antagomist has
shown to improve obesity-associated insulin resistance and
E].minhﬂ:mruﬁn:ﬂ:‘n:ﬁ'lﬁmauq‘hpmﬂfMT-nﬂ
numbers in the white adipose tissue of HFD-fed mice, indicating
I]m'h]ncl:inglml.l: CCRE and CCRS has polential o maintain
both metabolic and immune homeostasis in obesity-indoced
inflammation (Huh et al, 2018).

Crverall, these studies clearly demaonstrate how up-regulation
of chemokine pathways, which in turn leasds to aberrant
recruitment of leukocytes in different tissues is contribating to
uomeoftbe mendlﬂhc anplutmmuiurgetu\glhn
mivance. However, further rescarch i roquired to  fully
characterize the inleractions and ru:hmd:nq' of chemokine
with chemokine receptors in TZDM.

INNATE AND ADAPTIVE IMMUNE CELL
IN T2DM

In this section, we will explore how the recruitment of innate
mﬂndqﬁmimmndh:hﬂtsuinrﬂuﬁirmdﬂnﬂn
summarized in Table 1. Obesity-induced inflammatory events
mi;iruﬁnsfrmlhcdipﬂthmcm:ﬁapﬂﬂtﬂiunﬂ:hﬂ]
inflammatory molecules are responsible for the activation of
immume responses and progreston of systemic inflammation in
patients with T2DM (Richardson et al,, 2013},

Innate Immune Cells

Monocytes and Macrophages
Inmate immumne cells play a critical robe in the sardy stage of
adipose tissue inflammation in T2DM (Weisherg et al., 2003),
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TABLE 1 | A summeviary of shuckes cisoussnd i This raview g WT silatad changes 10 i g of sl and adaptive euna colls.
Efect of obesity/ T20M on coll Potents Redorences
Monocyty/ 1 smont of n rotnes of COL2-COR2 man Reswgassmy of o, 2004
ST7-nducad dalic: rats
1 recnatment of sracroptges N kdnoy of COL2-COR2 mas Terabea et al, 2000
S1Z inducod diabotic mice
1 ackweson of 10 3y new 1 GO0 T eogpresssion in aclposs essun Steh e sl 2011
tizzue of with
mmmr—nm
1 rocrument of macsopfages N wiiie adpose o 1 OCRS aproszion n white adposs tssus Ko ot o, 2012
of HFD inchuced obase mica
1 hewels of FABO sned CD11G mfINA axpressson 1 Adiposs tessue vepression of ICAM-1, VCAM-1, Kanarits ot o, 2010
ackpose Seaus of HFD fod mice COL2, o114

1+ euprassion of FARD in adipase S of HID fad 1 Adiposs: Tisun egression of mENA for ICAM-1 Broks of 8l 2006
mioo

4 RPMS In cibvid mice Ongaoing chronic inflammation in the partonaal Luotal, 2012

1 croased M2 poksrization Cavity In b mrece
Inwivo | and phagooy ot n dbvch mouse Lsatal, 2012}
M from in dyal mics

s [ ——
DPPN™ mics folowing infaction by MEFS CoV

} ung tssuo exprossion of Cot? and Ced 10

Kulosr of ol 2019

0Cs 1 CONS™ T A0 DCs in mico visconl adiposs Not desonbed Dertoks ot al,, 2012,
ez in HAD inducod obese mice
1 COM1c* CDc <DCs in obeoss hurvern Nt i) Bortols ea ul, 2012,
adposo tsao study)
1 G 1et oDCs rambers in the Adiposs fsss of Not describad Chean ot o, 2014
1D mice
Noutrophis 1 traficking of neutophll into mice viscoral adipose. 1 CD1 1b surface on Eigaone Cammon ot el
tessum after 3 chiys on HFD 2008
1 rocrutment of noutropthils Into ho adipozoe oo of 1 and activty of Tohductor of of, 2012
HID-fexd mices adfter 3 denys on HFD wexd 0 T acposss tessue of HFD-fed mecs
niitration for up 10 90 days on HHD)
6" Tonls + inflvsted CNB' alecton T-colls in viscssl adipose Actiation of CDB*' T calls by ) stk o g, 2000,
teszos i | D-lod mco locaiized n the adposs tissuo
} lower numbens of COB' T calls in thak braing n } epression of E scloctin and ICAM 1 in dbid Kumar ot al., 2014

} CD4 § I-cols in lung sz of dabotic DFPAH™
micn Tolowing infacsion by MERS-CoV

Trogs } rogpstony T-colts In vescoead adipose Sz of
HAD fod mice

3 COA* T HID-Sad mrice

M’ fooks

Bods 1 nuenbr of B-calis in the Done manow of HFD-Sed
moo

4 number of B colis in the bone manow of HFD od
moo

4 granulooytos In the avooky alrspaco of stz-induced
et e Solieing nlection by Kl
poumonke

braws
} ung tssuo exprossion of Cot? and Ced 10

Kulosr of ol 2019

Not desonbed Neshwmora of o, 2008,
§ beveds of acfponectin n cbess B Foores o ol., 2000;
nctal, 2010,
Not describad Totfer of &l 2012
Towar eapression of Paed in he bona manow of Chan ot &, 2012
1D-fod e
1 lovols of (CXCL 1, CNCL2) and - 18, INF) in ung Maortinor ot ol , 2016

less0

Monocytes derived from the bone marrow remain in the
circulatory system for 1-2 days before they into
peripheral tissues, where they turn into fully mature resident
W(Muwuhnuuﬂd.,m)dwwMa
M1 pro-inflammatory or M2 anti-inflammatory phenotype in

changes in blood

trafficking at the carly stages of

monocyte
HFD-induced disbetes (Liu ot al, 2020). Higher levels of F4/80
and CD1lc mRNA expression in adipose tissue of HFD fed

mioc,rqrammmofuMlpdnmon.mmﬁbundm
an son of ICAM-1, VCAM-1, CCL2 and

response to local factors (Mosser, 2003). In a recent in vivo
study, an acute decrease in number of circulating monocytes
was synchronized with a concomitant infiltration of macrophages
into visceral adipose tissue, therefore demonstrating dynamic

CXG.Mmﬂmmane,'!ndufwiumnncrwbgcum
(Kawanishi et al, 2010). Similarly, Brake et al, found higher
levels of mRNA for ICAM-1 in mice on a 3-week HFD, as
well as an incressed expression of FA/B0 in their adipose tissue
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(Brake et al, 2006). The sctivation of M1 macroplages is
amociated with rebease of pro-inflammatory mediators, such
as TWFx and IL-6 (Biswas and Mantovani, 2010). Using an
HFT induced tat maodel of T20M, Shanaki et al, reported
Mmmdummmwpwﬂmlﬂthnfﬂ-ﬁmdmm
T2 rals compared o control animals. This pro-is
Mwmmh@crmmmmmm
insulin resistance in the disbetic animals (Shanaki et al,
2020). The impact of long-term disbetes om the functions
of macrophages was investigated wsing a 5-month old db/db
mice model of TXDM (Liu et al, 2002} In this study, the
authors focused on resident peritoneal macrophages (RIFMs) to
migratory capacity. ﬂMa:luMmemﬁudeuhx
wm(mmmmmﬂmmmb
polarized toward a M2 phenotype. Since M2 macrophages exhibit
immunosuppressive functions and therelore contribule o the
resolution of harmful inflammation, their increased proportion
hﬂuﬂ&rriumrb:mmﬂ.brmdrmwumﬂ!
chronic low-grade inflammation observed in the peritoncal cavity
of these mice (Lin et al, 2017). Furthermore, in this stody,
in wvitro assessment of db/dlr RPMs highlighted their decreased
adhesion capacity along with a decreased phagocytosis ability
mnqmﬂmwﬂﬂ-tmﬂ%hﬂwmﬁmluﬁdﬂzﬂm
diabetes and obesity are sssociated with immuene dysfunction
infections (Liu ¢t al, 2012).

Human sudies also indicate a mle of macrophages in
mediating  insulin  resistance. Indeed, higher numbers of
circulating leukocytes are found in patients with T20M along
with higher Free Fatty Acid (FFA) and IL-6 circulating levels
(van Beek el al, 2014). Elevated number of tolal leukocytes
counts in patients with T2DDM was also characterized in other
studies (Kizilgul et al., 2008; Palella et al, 2020) and were often
indicative of macro- and micro-vascular complications and
diabetes duration (Papazafiropoulon et al, 2000 Moradi et al,
2012). In particular, Wowters ot al, demonstrated higher numbers
of circulating classical monocytes and this was associated with
higher presence of M1 macrophages in the white adipose
tissue of individwals with obesity compared to individoals with
normal weight (Woulers el al, 2017) In addition, impaired
plwcose tolerance was associabed with the presence of crowm-like
struciures {marker of adipose infllammation) in the adipose tissue
of patients with ohesity and TXDM compare to patients with
obesity and normal glucose tolerance (van Beek ot al., 2014).

Most of the carrent observations seem to indicate a crucial
role of macrophage infiliration in the adipose tissue of patients
with obesity and T2DM. Towever, it & not entirely diear what
michanisms mediate recruitment of macroplages in these tissues
and more research is needed to understand whether macrophage
lrrﬁ]nmnumﬂdhthmltedmlmmvemdlnmﬁmrm
ghecose wolerance and therelore p diabetic ¢ ations.

MNeutrophils

Meutrophils are the most abundant subsets of leukocytes of
ﬂuimﬂ:imsrﬂuninl‘nnmmﬂmlhzfn’ﬂw
infiltrate inflamed tisse and promote subsequent recroitment

of other leukocytes such as monocytes (Sochnlein et al., 2008).
The number of dreolating newtrophils in patients with T2DM
increases in comparison to age- and gender-matched healthy
comtrals (Huang et al., 2019). However, nentrophils isolated from
paticnts with TZDM displayed mormal migratory capacity and
phagocytic rate (Huang e al., 2019). Newtrophil traflicking into
murine visceral sdipose tissue was reported after 3 days on HFD.
'ﬂum.ﬂnﬂ."repuﬂulmmﬂmn'nphﬂsinlheulipmz
tissue after 7 days on HFD and that nentrophil adhesion to mowse
adipocytes depends on their activation state (Elgazar-Carmon
et al, 2008), Here, the degree of CI}1b surface expression on
neutrophils correlated with their capacity to adhere. However,
the mechanizms responsible for the shsence of neutrophils in the
aulipose tissue after 7 days on HFD was not explained in this study
{rﬂ.s;nr-fhrmm'l et al, m} E'imilnﬂr, Talukdar et al, {ZI:I'IZ]
found an carly recruitment of nentrophils into the adipose tissoe
ol HFD- fesed mice I.‘I.El.';d-‘l.r!. Hu:.l]uli:ne:nnmufmnlrnpﬁi]
infiltration into the adipose tissoe showed a sustained infiltration
in the adipuse tisoe for up o 90 days on HED (Talokdar el al,
201 2), According to this stady, the trafficking of neatrophils was
assoeiated with an elevated expresion and activity of newtrophil-
secreted clastase in the adipose tissue of HFD-fed mice which
increased after only 3 days of HFD and remained high after
!Zumds.FJmis:mm@ipre:iﬁc?mmwhﬁﬂn
promote inflamematory responses (Pham, 2006) and inhibition
of 1'||:|:|I111p|1i| elastazss im TTF-induced obese mice i'rq'll'u'rui
glucose tolerance and reduced trafficking of neutrophils intoe the
adiposs tissne (Talokdar ot al, 2012).

Dendritic Cells

Denddritic cells (TWCs) are antigen-presenting immune cells
that mediale lymphocytes polarization into effector cells (Yo
and Martin-Gayo, 2019). In humans, two major subtypes of
[Ce are identified sccording to their markers expression:
conventional or myehoid DCs (cDCs) (CD1 1! CDie! CDa41Y)
amnd  plasmsacytobd DCs (pDCs) (CD11e™ CD1234) (Tamura
et al, 205 Gilliet et al, 2008; Sundara Rajan and Longhi,
2016), In mice, two major DNC subscts have also boen described:
CONE*Ez0* (pCs) and CTH 1M E220 cells that include
c[Mls (FFeeffe ot al, 2002). The number of circulating
clMix increases in obese post-menopaosal women with T2DM
compared to age-matched healthy women and & smaller incresse
was observed for plMis (Muoslli et al, 2011). This change
in DCs numbers in the circulation suggests that DCs might
contribute to pathological vascular remodeling (Musilli et al,
2000), Mriz et al. reported & decrease in the number of total
s in the subcutaneous adipose tissue from patients with
T2DM compared to non-diabetic individuals. In contrast, the
mimber of pDCs was increased in the subcutaneous adipose
tismue of the T20M group. These differences suggest a potential
role of pDCs in the development of T2DM-associated adipose
I.i.m.l:]mv-_gnﬂc inflammation (Mriz et al, 2019). Bertola et al.
imvestigated the role of DCs in the repulation of adipose tissoe
inflammation in 2 murine HFD-induced obesity model and
in two cohorts of obese subjects (Bertola of al, 2012), The
authors in this study only found CONME2G- DOs in
the visceral adipose fissue of lean mice, In contrast, obesity
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was associated with the presence of CDI1CM*R4p0™ DCa
in muorine visceral adipose tismoe, and CD11cTCDICT clMis
in human subcutaneous adipose fissue (Bertola et al, 2012).
CDI1cM®E220~ DCs resident in the adipose tissue of lean
mice participate in the differentiation of naive CD4"' T-cells
into effector T-cells with a predominance of Thl cells over
Th17 cells. In contrast, the adipose tissue of HFD-induced
insulin resistant mice displayed a switch from Thl towands
a Th17 phenotype (Bertola et al, 2001Z). In addition, the
presence of CD1IcHCDIcY ¢DCs in the subootaneous sdipose
lissue of obese subjects correlated with CINc expression and
4 concomitant skew towards a Thi7 T-cell phenotype. Finally,
{Blcmwrnmﬂihdwi&imﬂinmh
patients with a high Body Mass Index (BMI) (Beriola of al.,
1I:|12]. Jl]ll.m:l]:m thes= whservalions suggesls an imporiand
role of inflammatory DCs in obese and dishetic adiposs
tisswe inflammation by switching T-cell responses toward Th17
mﬂ\ﬂkmﬁ:ﬂﬁthiﬁm}inl&iﬂm[%nh
et al, 2002). These observatbons were confirmed by another
Ww‘hnﬂunndﬂut[‘.ﬂl]c' d')(_k'irlﬁ]h:tﬂlll\::ﬂ'ipm:
tissme of HFD-fed mice and also sccrete high levels of IL-6
and TL-23, which prnrrlnlndn Thi17 T-cell pl'l.ﬂu'll:_rpe {f:hm
ct al, 2014). The presence of DCs in the visceral adipose
lissue of HFD-mice can also induce the formation of crown-
like structures which enclose macrophages and were Finked to
adipose tisue inflammation and insulin resistance (Stefanovic-
Racic ef al., 2012} Depletion of THCs results in loss of adipose
tisswe macrophage infiltration, and this could be restored by
DC replacement in TiC-null mice {Stefanovic-Racic ef al,, 2002).
All together, these studies show the importance of [ in
determining the immune phenotype of lean versus obess or

Adaptive Immune Cells

The muocosal immune system 8 a compartment of the
:ﬂ:plimhmnmﬂ,wlmwlﬁ:hkhﬂtﬂdnﬂrlhzmﬁnﬂe_
where most pathogens invade, providing the first line of
Hﬂu:[[:new::,retﬂ,mlj.m;utmiuﬂiﬂniskq
to the development and modulation of mucosal immune
responses and mainlains perfect balance belween commensal
flora and pathogens, as well as the microbiota and the
immune system {Wang and Li, 2015). The alteration of such
balance is called dyshiosis (Pagliari ot al, 2018). Given that
the pancreas does not lhave its own microbial collection,
the put microbiota may be involved in the pathogenesis of
pancreatic disorders swch as pancreatitis (Signoseitl et al,
2017). Recently, Goo et al (2017) demonstrated that FFD¥
was able o alter gut microbial communities and increase
circulating pro-inflammatory cytokines, such as TNFa, 11L&
and IL-1f. In addition, recent evidemoe demonstrated that
intestinal dyshiosis may also cause allerations in the ThIF
cclls/Tregs balance which are responsible for the development
i disease including obesity-related TZDM (Lo
et al, H17).Thus, understanding the mechanisms responsible
for this alteration will allow 1w develop novel tanslational
therapeutic targets to potentially treat these inflammatory

diseases (Pagliard et al, 2008). In this section, we mostly focus
on T- and B-cells as wery litthe is known on mucosa-associated
homing mechanisms in the context of TZDM.

T-Cells

Althsugh, earlier studies focused on the role of innate immuonity
(macrophages) as the major cause of chronic low-grade
inflammatiom in T2DM, the adaptive immune system also plays
a robe in progression of T2DM (Zhou ot al, 2018). Bvidence
shows that B-cells are the first to infilirate the adipose tissue
of mice on HFD, quickly followed by T-cells and finally an
accumulation of macrophages leading to insulin resistance, but
ns changes in resident macrophages populations (Duffaot et al.,
2004). Mishimura et al. (2009) found larger number of infiltrated
CDR' effector T-cells along with reduced numbers of CD4!
helper and regulatory T-cells in visceral adipose tissue of HFD
fed mice). In these conditions, a majority of CDEY Tocells
infiltrate the adipose tissue thereby promoting recroitment and
activation «f macrophages. This sequential accumulation of
lenkocytes is clearly linked with glucose intolerance and a
decrease in insulin sensitivity in wild-type animals { Duffaut e al,
2005), Studies in the lymphocyte-deficient RAG2 '~ knockout
mouse provide strong evidence for the role of lymphocytes
in HFD-mediated adipose tissue inflammation. Unexpectedly,
lymphocyte-deficient animals displayed striking accumulation
of macrophages and NK cells in the adiposs tissee compared
to wild-type mice (Duffaut et al, 2009), This sccumulation of
WE cells highlights an ion of the innate immunity in
absence of the adaptive immune system. Indeed, NE cells have
pedtent cytotoxic effector functions and produce chemokines and
cytokines that can recruit macrophages (Duffant et al, 2009), The
nl.wﬂlﬂlrmuﬂmlnfmu‘upﬂﬂﬁuinlrm‘phxﬁe—:ld'ﬁuu
mice demonstrates that early lymphocyte infiltration could
be conssdersd a protective process to decrease adipose tissue
inflammation and suggests adipose tissue a5 a site of dynamic
innate and adaptive immune system during diet-induced obesity
and insulin resistance (Dudffaut et al., 2009),

According to recent reports, the changes in quantity and
[uﬂmimufadiptuﬁmjeT-mlsdtﬁngwﬁﬂ\tgnﬁn is a
key regulator of systemic insulin sensitivity (Deng et al, 2017),
HFID is associated with increased numbers of Thl CIMY Tocells
and decreased numbers of CD4% Tregs in the adipose tissue
(Feuerer el al, 200%; lan et al, 2000). The deplsiion of Tregs
using diphtheria toxin in mice leads to an induction of genes
encoding inflammatory cytokines such as TNFe and IL-6 in
visceral adipose fissue and enhance levels of fasting insulin
(Feverer et al, 2009). On the other hand, in the same study,
inaﬂ.ﬁn!thequmﬁl:rTr:Finlhzmﬁpm:ﬁﬂm:nﬁmgaTmp
enriched HFD-fed mice model, improved insulin resistance and
glucose tolerance (Fenerer et al., 2009), Since, the gene expression
of TL-10 was incressed in the adipose tissue of Tregs—cnriched
animals, the metabolic changes abserved can be attributed o IL-
10 synithesis by Tregs in the adiposc tissue of these mice (Feuerer
el al., 2005). These ndings suggest a strong Ltherapeulic potential
for Tregs to suppress inflammation and improve insulin action
in obesity and TZOM. I is therefore key o understand how
Tregs migratory capacity and infiltration in the adipose tissne
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could be manipulated in patients. In addition, further studies are
required to fully characterize the involvement of different T-cell
subsets and characterize the intricate balance between innate and

:ﬂ:.pl‘ivei'rmnmrzsulnﬁrrru.

B-Cells

B-cells have been shown to play important roles in mamy chromic
i and auloimmune conditions (Yanaba e al., 3008;
Marific and Grey, 2012) bat only recently has their role been
revealed in obesity-associated insulin resistance. B-cells infilirate
ﬂuw‘hih:uf‘pm:lhnuindid-indnmﬂnbeﬁlrnnﬂlﬂlsuﬂ
contribute o insulin resistamnce (Winer ef al, 20011). The data on
'Huilzu:lnprnmlnfﬁ-::l]sinﬂ\:lmnzmnfnbu:rmﬂds
is controversial. Indeod, B-cells numbsers in the bone marmow of
mice om HIFD were significantly incressed after 90 days (Trottier
ot al., 2012). Howcewer, number of B-cclls in the bone marrow
were reduced in C57BLAG mice on HFD for 210 days in another
study (Chan et al, 2002}, This reduction was associated to a
lower expression of Pax5 in the bone marmow of HFD-fed mice
(Cham et al., 2012}, Differences between these studies may be due
the type and duration of HFD. B-cell infiliration in the white
adipose tissue of CSTBLAG mice peaks at around® 34 weeks of
HFD {Duffant et al, 2009). The importance of B-cells in adipose
tizsme inflammation has been studied in vivo using B-cell null
mice (MT mice). Attenuated inflammation in visceral adipose
tizsme of pMT mice was shown by a redoced infiliration of
meacrophages. In this study, following 15 wecks of HFD, serum
glucuse levels were unchanged in obese wMT mice while Gsting
glucose lewels incressed in the control wild-type groap (DeFuria
el al, 3013} These data support the concusion that B-cells
regulate macrophage infiltration into the adiposs tissoe during
inflammation and this contributes to insulin resistance.

IMMUNE RESPONSE FOLLOWING
INFLAMMATORY STIMULUS IN T2DM

Hyperglycemia in diabetes can impair immuone response to
pathogens such as, fungi, hacterial and viral infections ([ Tostetter,
1590 Javid ef al., 2006; Fulcsar et al, 2019). As a result, patients
with dizbetes are more susceptible 1o infedions (Berbudi et al,
200). Although the plasma concentration of sCAMs tends to
beEmcr.l]h h:l'Ei'lﬂ"i.n patients with T2 :nn'rp:lru]lul'ﬂ]ll:r
comtrols, their expression is differently affected in response to
inflammatory pathogens in patients with T2DM. [ndeed, plasma
levels of sE-selectin, sWCAM-1 and sICAM-1 after intravenous
injection of E.coli lipopolysaccharide {LIPS) were lower in patients
ﬁhmmmhﬂwﬂmmmmm
that patients responded with an attenuated up-regulation of
sCAMs even Il'um.!]'l Ihcfnﬂ]'plmamnﬂﬁ:ﬁmnl"lbﬂ:
adhesion molecules were generally higher in diabetic individuals
comjared o healthy cmitrols (Andreasen el al, 2010} Also,
in this study, T2DM was sssociated with less pronoonced
LPS-induced cytokine responses. This weaker cytokine response
following inflammatory stimali in T20M is also shown in vitre
with culiures of peripheral blood mononoclear cells (PEMCs).
Stimulation of PEMC from patients with disbetes with LPS

amd  Burkholderia pseudomalla lead o a lower production
of TL-1ff and TFNy respectively, compared to PEMCs from
healthy donors (Moorsdian et al., 1991; Tan et al, 2002). All
h@ﬂ:hzrlhﬂ:ﬁndins:mrcqhiﬂﬂ!:immnncdﬁnndhﬂmd
increased risk of infoctions sssociated with TZDM (Andreasen
el al, .ED'I.I:I]. However, the evidence dﬂl‘bl.ll'ﬂl.lﬂ.‘il‘lﬁ d':mﬂu in
lenkocyte recruitment following pathogen invasion in T2DM
is rare and mostly limiled o animal experimental stodies.
Accordingly, divdh mice infocted with West Mile virus, had
lower numbers of CIM5 leukocytes and CDRT T-cells in their
brains compared o wild-rype mice (Kumar et al, 7014}, Effector
CDt T-cells are necessary o limit viral bosd and therefore a
lack of CTE" T-cells infiliration, which may be cused I'lr.a.
decreased migratory capacity or chamges in the brain vasculature,
lead #o an increased viral burden in the brain of infected mice
(Shrestha and Diameond, 2004; Kumear ot al., 2014). This defect in
lenkocyte recruitment was in fcl due o a redoced expression of
E-sclectin and ICAM-1 in dlvdl brains which failed to properdy
sopport the CO8' T-cells adhesion and migration (Kumar
ct al, 2014). Farthermore, impaired recruitment of leukocytes
is mot only due o changes on leukocyles themselves and in
the local enviromment bat can also be attributed to attenmated
cytokine and dhemokine production in disbetic mice. In §TZ-
diabetic mice infected by Kilsbsizlls pneumoniae, which canses
preumonia (Bengoechea and Sa Pessoa, 2019) lower numbers
of granulocytes were found in the alveolar airspace along with
attenvuated chemokines (CRCLL, CXCL2) and cytokines (IL-1[,
THFa) levels in lung fissue when compared 1o control mice
{Martinez et al., 2016). Moreover, a recent study investigated the
impact of T2DM «mn respiratory infection caused by Middle East
respiratory syndrome coronavirus (MERS-CoV) (Knlcsar et al,,
2019). In this study, humanized DDP4 mice were susceplible
to MER5-Co¥V and T2DM was induced by HFD (Eulcsar
et al, 2019). Following infection with MERS-CoV, diabetic
DPPS™ mice displayed weight lnss and had a longer phase of
severe disease with delayed recovery. lmportantly, lung tissue
amalysis in the diabetic mice showed a decreased number of
macrophapes, CD4™ T-cells, and bower expression of THFx and
16 in the FIFD group, 1o controd DPPATM mice
following infection (Kuolcsar et al., 2009). These results suggest
that MERS-CoV infection in palienis with T2IM dizhetes may
develop more severe discase as a result of a dysregulated immuane
response: largeting ool WI]F migratory capacities of leukocyies
bat the local environment by modulating secreted factors and
expression of adhesion molecules. Maximal endothelial cell
adhesion molecule expression or chemokine/cytokine receptor
downregulationfinternalization  in chronic  inflammatory
mﬁmmﬂdthmrﬂnﬂrmmmrplntd1mmm
response o an infection. In addition to alternative mechanisms,
ili:zlmphtmﬂﬂ'nti!m}inumld J'u'rzaﬂ:ni:l:m:‘mﬂzp‘m'ﬂ
effects on the same signaling pathway based on its concentration
and receplor expression stale (ie, the "U-shaped” biologic
dose-response curve) (Calsbrese and Baldwin, 2001). In peneral,
it seemns that high glucose levels are assciated with impaired
expression of adhesion molecules, cytokines and the chemokines
response to infections in TZOM conditions. This is in contrast
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with studies mentioned abowve which show how basal expression
of adhesion molecules and chemokines/chemokine receptors is
increased in different vascolar beds and lenkocytes in T2DM
mmlimmdcfﬂ:tinquuﬁncmhpﬂlhnsuiin
T2DM is partially related to insulin deficiency and recently has
been discussed ]rr'.l.'em.m:uﬂ] Mariins (Temsaro e al, 2017}
In their study, insulin increased TNFu and IL-6 release by bone
marrow-derived macrophages [rom  diabetic C57BL/E mice
following LPS stimulation, This finding supports the idea that
insulin ks crucial to induce a proper imemwne resction in response
to inflammatory stimuli. However, in the same study insulin
inhibited LPS-induced pro-inflammatory cytokine secretion by
Pﬂiﬂmﬂ]mﬁn‘uphlphmdﬂuﬁcwﬁmﬁmﬂﬁlﬂl?}.
Together findings suggest that beyond its glucose modulatory
dfnds.itm]in:lumlmdidincﬁrimrmmuﬂuﬂl:hrrdfﬂdsin
mescrophages and these urgently require to be fally understood.

THERAPEUTIC TARGETING OF
LEUKOCYTE TRAFFICKING IN T2DM

Given that T2DM is & chronic inflammatory  disorder,
charscterizing and targeting possible inflammatory  pathways
could be efficent to prevent and control diabetes and its
vascular complications.

Chemokine and Cytokine Inhibition
Chemokine and cytokine pathways are known o govern the
tmﬂicid.ngnflruhncyu'simpﬂhh‘mlﬁsuﬂﬂ‘mcla] 2014).
Polential antagonists largeting chemokine receplors and drugs
biu-:hnguﬁnmmmrrqml:muhmbwndwduwdmdlmd
in mamy inflammatory conditions, bat Bitle is known abowt their
efficacy in obesity or T2DM and associated complications, In this
section, we will discuss some of these targets.

CC-chemokine ligand 2 and CCL5S are key mediators of
manocyte recruitment induced by high glucose levels via their
recepior CCR2 and COCRS (Munemaker et al, 2014). Cmal
administration of RO5234444, a CCR2 antagonist, to bl mice,
reduced infiltration of monocytes in the glomerulos, resolted
in preservation of glomeruli podocytes numbers and reduced
albuminuria [bﬂnﬂ] el al, 2001} E'i.rnﬂa.r]r intraperitoneal
administration of TAK-779, a dual inhibitor of chemokine
receplors (2CR2 and (OCHS, reduced m a.l:nqﬂnﬁ: infiliration
and expression of ICAM-1 in the retinas of STZ-diabetic
mice (Monickaraj et al., 2020). These studies cearly indicate
that blocking key recrmitment chemaokine receptors such as
CCR2 andfor CCRS is a promising therapeutic avenue to
and retinopathy. Those compounds are currently pursued in
human clinical trials as well as others such as TRNORATE1/PE-
413630, which are a new series of CCR2 antagonists that arc orally
bivavailable (Xwe et al, 3001}

Due to their pro-inflammatory nature, IL-1F and THNFx
actioms have been widely stodied in many inflammatory
conditions and their blockade resulted in improvements in
T2DM-related conditions such as chronic kidney disease (Lei
et al., 2019} and pancreatic islet inflammation (Zha et al., 2016).

However, il remains unsure whether tangeting these cptokines
affects lenkocyte infiltration in peripheral tissues in T2IM,
Circulating levels of IL-1f are higher in TXDM (Reinchr et al,
2016) and rna.l:l'n?h.IF are the primary source of TL-1f in
obesity-induced inflammation (Gao ct al, 3014). Administration
of LY2189102, a nu:.l.l:]mng IL-1f H.I".i]!u-l.l'" in patienis with
T2DM, improved ghycemic control and demonstrated significant
anti-inflammatory ellects by lowering cinculating IL-6 levels
when compared with placeho treatment (Sloan-Lancaster ef al,,
2013). Moreover, islets from [L-1f-defickent mice exposed to high
glucose in vitra, produced lower TL-6 and chemokines compared
to wild-type islets (Ehses et al, 2009). Thus, efficacy of IL-

]Bhlrh:l.'mgm fl: Fl '-::aand.gl]mmcmul
rakses the possibility of its use a5 a treatment in T2DM and other
inflammatory conditions.

Although, anti-TMFe is an approved medication for some
patients with rheumatoid arthritis (Katsumaila et al, 2009), the
evidenoe showing the efficacy of this drug in T2DM is conflicting,
Indeed, anti- TN muilui'lgmmmﬁnmmhﬂel'ﬂlh
receptor-immuno-globulin G increased insulin sensitivity in
obese rodents (Hotamisligil et al, 1993). However, treatment with
Ro 45-2081, a THP= antagonist {recombinant fusion protein that
condists of the soluble THF-receptor linked to the Fo portion of
human Ig(z1), had no sffect on blood glocose Levels and insulin.
mediated glocose uptake in patients with T2ZDM (Paquot ef al,
2000), The inefficiency of Ro 45-2081 to control blood gheonse
in paticts with TZDM suggest that in sddition its endocrine
action, TNFe may alss act through an autocrine or paracrine
route. Consequently, sole ncutralization of circulating THFe
might mst be enough o chserve improvements on insulin action
(Paquot et al, 20000

Anti-integrins

The importance of integring in leukocyte adhesion and
arresting  clearly  offer potential therapentical avenues in
relapsing inflammatory conditions such as rheumatoid arthritis
(von Andrian and Engelhardt, 2003) and multiple sclerosis
(Chaudhuri and Bchan, 2003). Meutralization of imteprin
has been tested in murine experimental models of diabetes,
particularly for the treatment andior prevention of diabetic
complications (Barouch et al, 2000 liaki et al, 2009; Miyachi
et al, 2017). However, data showing efficacy in human clinical
irials is not available in the context of T2DM.

The cxpression of CDMla, CRIIh, and CIN& integrins is
increased on the surface of neutrophils from STZ-induced
diabetic rats (Barouch ot al., 2000). This increase was associated
with an enhanced adhesion of diabetic neutrophils to rat BC

in vitre, Pre-treatment of leukocytes with either
anti-~CD11b or anti-CD18 antibodies significantly lowered the
Fupﬂhttﬁﬂhﬂﬂﬁnhﬂkmnphi]:{ﬁrmdnﬂﬂ..
20000, Tn the same study, systemic administration of anti-CD18
Hab'), fragments o STZ-indoced diabetic rals significantly
decreased disbetic retinal leukostasis (Barouch et al, 2000).
Furthermasre, intraperitoneal administration of anti-ay inlegrin
neutralizing antibody to a STZ-induced rat model of diabetes
retinpathy attenuated keukocyte adhesion o the retina and
suppressed THFo expression and NF-eB activity in the retina
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of treated rats ([Haki et al, 2009 Notably, blockage of VLA-
4 wsing a newtralizing antibody in FIFD-fed mice attenuated
myclold cell aconmulstion in the liver and improved systemic
ghucose toberance in treated mice compared to control TIFD-
fied mice (Miyachi et al, 2017). Owverall, all these animeal data
iﬂmﬁ&ﬂuhb:sﬁluzfmﬁunalaﬂhsiumnlnnkindiahﬁ:
complications and provides a potential tanget for the prevention
and/for treatment of the disease.

A humanized  anfi-VLA-4  monoclonal  antibody
(Matalizumab) was clinically beneficial in the treatment of
Crohn's disease (Lew and Stoffel, 2003), and rhenmatoid arthritis
(von Amdrian and Engelhandi, 2003). However, VLA-4 also
hule;r:phlurr:ulﬁinhmmrmiﬂdmﬁngﬂu
formation of the immune synapse (Mittelbrunn et al, 2004)
and the differentiation of Thl Tocells (lsohe =t al, 1997)
Obwviously, the long-term administration of anti-integrins drugs
b prelienis with inflammatory conditions may have undesirable
or uncxpocted cffects and more studics are required to folly
understand their action

Fatty Acids

Long-chain n-3 polyunsaturated fatty acid (n-3 PUFA) such as
elcosatetraenodc acid (EPA) and docosalexaeneic acid (DHA),
founad in marine fish nhmnbhmdm-r:snhuﬂua:ﬁvilr
of NE-KE directly and therefore reduce the production of
inflammatory cptokines (Xu ot al, 2001). »- 3 PUFA can also
control keukocyte recruitment during inflammation and display
immunomaodulatory properties (Yates et al, 2011} Inclusion
of n-3 FUFA in HFD prevented macrophage infiltration into
the adipose tisve of dbdh mice (Todoric e al, 2006)
Interestingly, m—3 PUFA cfficiently prevented the HFD-induced
downregulation  of adipsmectin circulating levels  normally
ohserved in dh/idb (Todoric ot al, 2005). These data therefore
sugpent that the benefickal effects of m-3 FUFA on disbetes could
e mediated by their effect on adipose tissoe inflamimeation, which
could in turn contribute to improving insulin sensitivity (Oliver
et al., 2010). However, much of the human evidence: examining
the beneficial effects of n-3 PUFA in patients with T2DM have
limited follow-up periods (Vesshy ot al, 2001). As a result, it
is unclear whether 5-3 FUFA supplementation has long lasting
benelicial eflfects and the exact mechanisms of n-3 PUEA action
and how they modulate the adipose tissue, macrophages and oven
T-eells remain unknown.

Insulin

Several studics suppest a direct anti-inflammatory action of
insulin irrespectively of its glucose modulsting capacity as
mentioned here in previons sections (Fyun et al., 2001}, Insulin
was found to abtenwsates the activity of NF-xB and MCP-1
on homan aortic BCs im witro I:.ﬁ.|jad.1 et al, ZEH'II]. Trsulin
infusion in individoals with obesity roduced plasma sSICAM-1
mdtxiulud:{umdnnaﬁal,zmlﬁ.]naddﬁuu. Lol

modulsting sdhesion molecules shedding. However, more studies
are required to darify the effect of insulin on leukocyte migration
by including im witre models taking into account the high glucose
lewels observed in some patients with T20M, their associated
complications and BMI to accurately determine the mechanism
of insulin action and Iifllbe:nnuumsrin this feld.

Adiponectin and PEPITEM

Simce obesity is a key feature in T2DM, studics demonstrate
ithast changes in adipose tissue induce dysregulation in adipokines
such as adiponectin and receptors invelved in lipid metabolism
such as Proliferator—activated receptor y (PPAR-y) (Bermudez
et al., lﬂlﬂ:l. .ﬁd.iprrrlu:lin is well characterized as an insulin-
sensitizing hormone as well as an anti-inflammatory adipokine
{Ruan and Domeg, 2016). {,‘.i'rn.llling levels n[zﬂipm'hﬂ:l:in are
decreased in patients with obesity and TZDM (Hotta ot al., 2000;
Engeli el al, 2003), suggesting that dysregulation of adiponectin
may be relevant to obesity-linked cndothelial dysfunction in
these individuals (Cho el al, 2002; Ealski et al, 2007} In
addition, adiponectin is also a regulator of adhesion molecules
on ECs (Ouchi el al, 1999) Treating ECs with adiponectin
inhibited the expression of adhesion molecules such as VCAM-
1, E-selectin, and ICAM-1 & witre (Ouchi et al, 1999) and
in vive (Cuedraogs et al., 2007). We also know that adiponectin
is able to regulate T-cell trafficking during inflammation in a
nowvel pathway characterized in our lshoratory a few years ago
{Chimen et al., 2015). In this novel pathway, adiponectin induces
the release of the novel PIEPtide Inhibitor of Trans-endothelial
Migration (FEPITEM) by B-cclls wia signaling through the
adiponectin receplors  (AdipoR1/2). PEPITEM induces the
release of sphinposine-1-phosphate (S1F) by ECs via binding
with endothelial cudherin-15 (CIH15). In wm, S1P inhibils
T-cell transmigration by preventing integrin activation (Chimen
et al., 20015 The PEPITEMS A diponectin pathway is dysregulated
in inflammatory conditions such as Type | Diabetes Melitus,
Rheumatodd Arthritis and in older adulis. Dysregulation of this
pathway is caused by a lack of AdipoR1/2 expression on B-cells in
these patient groaps leading to insufficient secretion of FEFITEM
and comsequently allowing aherrant T-cell trafficking. PEPTTEM
shows great therapeutic potential since it is an endogenous
peplide and developing strategies 1o restore this pathway could
help regain control on chronic inflammation. However, more
wuork is Jed 10 und, d the full profile of T-cell subsets
recruitmient in adipose and pancreatic tissnes in T2 as this
would allow to characterize whether FEFITEM could be used as
a therapeutic avenue in T2DM,

PPAR Agonists
Proliferstor—asctivated receplor-y is 2 member of the FPAR family
nl:nm:l:ﬂrru:q)lm (Braissant et al., 1996) and its activation is
asau-nalmd with the indoction of glucorcgulatory mobecules and

human monocyics with insulin in witre promoted the secretion
of IL-8 ((CXCLE), a potent dhemoaltractant for neutrophils
(Dandona et al, 2000), All together, these findings suggest a
pussible regulatory effect of insulin on leukocyte trafficking
via regulating chemokine and cytokine secretion as well as

el insulin sensitivity (Olelsky, 2000). Pioglitarone is a
PPARy agonist that enhances the action of insulin mainky by
promasing glucose utilizion in peripheral tsses (Yki-Ervinen,
2004), Treatment of patients with T2DM with pioglitazone
rapidly reduced systemic inflammation in those patients who
were also receiving angiotensin 1T receptor blockers, This trial
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also showed decreased CRP levels accompanied by a reduction
in sSICAM-1 and sVCAM. These observations uncovered anti-
athcrogenic effects of the PPAR-y agonist which may also
contribute to a reduction of cardi | ts in patients at
risk such as those with T2DM (Takase et al,, 2007).

Current drugs such as 1L-1f blockers and thizzolidinediones
mgctingthemﬁﬂnhcﬂdcofRDMmdahningwmon
! e have sh to also have anti-in
eﬂ'e:u (Yki-Jirvinen, 2004; Sloan-Lancaster ot al, 2013).
However, the evidence showing a potential effect of these drugs
on leukocyte recruitment as a way to control inflammation
are limited and this area needs further investigations. Blocking
cytokines such as TNF- @ may reduce inflammation but also
renders the host susceptible to infection by silencing the danger
signals, which are necessary for adequate immune cell activation
(Rider et al, 2016) and maybe cven to cancer (reviewed in
Dinareflo, 2005). On the other hand, anti-cytokine therapy has
little or no organ toxicity or gastrointestinal disturbances and so

anti-inflammatory treatments modulate glucose tolerance and
the complications iated with T2DM, but also an urgent
necessity to understand how inflammation is dysregulated in
T2DM and in obesity. More work is clearly required to fully
characterize the mechanisms behind the changes in leukocyte
phenotype and in local environments which directly influence
Jeukocyte migration. Finally, morc specialistic studics from
the changes in lcukocyte migratory capacity and behaviors
in vitro and in vivo to complete the findings showing changes in
expression profiles such as those of adhesion molecules,
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is well tolerated. Therefore, new site-restricted biologics which
block inflammatory cytokines only at sites of inflammation are
needed (Rider et al, 2016). In addition, it seems that targeting
inflammation in T2DM and obesity is promising bat still only
show partial reduction of disease. This could be explained by
the fact that diabetes and obesity-mediated inflammation involve
multiple mechanisms and are not linked to
hyperglycemia. This clearly highlights the need to identify how
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