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Abstract

Cardiovascular disease is the number one cause of death worldwide. They are most
often caused by atherosclerotic plaques, formed by lipid depositions in the vessel wall
of major blood vessels which cause an inflammatory immune response. While it has
been long accepted that the immune response is a driving factor in atherosclerotic
plague progression, no suitable therapeutics have been developed so far to
successfully target inflammation and reduce the risk of cardiovascular events.
Therefore the identification of new therapeutic targets involved in the progression of
atherosclerosis and their mechanism of action is required in order to develop

successful therapies.

Monocyte recruitment and migration into the vessel wall and their differentiation into
macrophages, which release pro-inflammatory factors, and lipid-laden foam cells are
driving forces of atherosclerosis. Many major proteins involved in the multistep
adhesion cascade of leukocyte recruitment have been well characterised, however

there are still gaps in knowledge.

Galectin-9 is a 3-galactoside binding protein and has been shown to have a wide range
of functions. More recently, various studies have demonstrated its role in the
modulation of leukocyte trafficking. However, its role in monocyte recruitment and

migration remains elusive.

The aim of this study is to characterise the role of Galectin-9 in monocyte migration

and atherosclerotic plaque progression.

The results show that Galectin-9 is expressed and released by human monocytes,

macrophages and endothelial cells and its upregulation is induced by pro-inflammatory



environments. Soluble Galectin-9 was demonstrated to induce human monocyte
activation and the release of pro-inflammatory cytokines and chemokines by human
monocyte derived macrophages. Additionally, it was observed that Galectin-9
upregulation by the endothelium is required for monocyte adhesion in vitro while
PBMCs of peripheral arterial patients adhere to immobilised Galectin-9 with higher
frequency compared to healthy young and aged controls. These inflammation-specific
modes of function of Galectin-9 were confirmed in vivo: Galectin-9 induced monocyte
and neutrophil migration into tissue during inflammation but not during homeostasis.
Finally, the role of Galectin-9 in atherosclerotic plaque progression was demonstrated,
since it was shown that ApoE-/- Gal-9-/- mice had a reduced plague burden as well as
a reduced macrophage and collagen content in aortic root plaques in a model of diet-

induced atherosclerosis compared to ApoE-/- mice.

In conclusion this study demonstrates that inflammation-induced expression of
Galectin-9 modulates atherosclerotic plague progression in two ways: i) by facilitating
monocyte recruitment and ii) through inducing a pro-inflammatory macrophage
phenotype. These findings suggest that Galectin-9 is a novel therapeutic target in the

prevention of atherosclerotic plaque progression.
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Chapter 1: The material in Chapters 1.1.1 and 1.3 draws heavily on my previously
published literature review “Glycans and Glycan-Binding Proteins as Regulators and
Potential Targets in Leukocyte Recruitment” (Krautter, F.; Igbal, A.J (2021)) and has
been adapted for this thesis.

Chapter 3: The data relating Chapter 3.2 and 3.3 was published as “Characterisation
of endogenous Galectin-1 and -9 expression in monocyte and macrophage subsets
under resting and inflammatory conditions” (Krautter,F. and Recio C. et al. (2020)),
previously to writing this thesis.

Chapter 6: Data in Chapter 6.3. was acquired in collaboration with Drs. E.A. Fisher

and E. Brown from the Cardiovascular Research Center at New York University.

Some of the currently unpublished data in this thesis are currently prepared for

submission at the time of writing this thesis.

Published papers mentioned above are attached in Chapter 9 — Appendix.



CHAPTER 1.

INTRODUCTION



1. Chapter 1: Introduction

1.1. Inflammation

Inflammation is the tightly controlled defence mechanism of the body against physical,
environmental or pathogenic stress!. The physiological response is fast acting and
occurs within seconds or minutes after the trauma?, and is mediated through changes
to the local vasculature such as vasodilation, activation of the endothelial cells lining
the blood vessel, increased vascular permeability and platelet-mediated clotting in the
microvasculature to prevent pathogens from spreading via circulation. These changes
also facilitate leukocyte migration into the region of tissue damage to fight pathogens,
repair damaged tissue and return to physiological tissue homeostasis?. While these
processes are beneficial and necessary, tissue malfunction (impaired inflammation
resolution) can cause homeostatic imbalance and result in chronic inflammation,

independent of tissue traumas.

Upon tissue damage, danger- or pathogen associated molecular patterns (DAMPs or
PAMPs, respectively) are released from damaged cells and initiate the innate immune
response through the interaction with pattern recognition receptors (PRRs), for
example Toll-like receptors (TLRs)*® by tissue resident macrophages, dendritic cells
and mast cells. They produce a variety of inflammatory mediators such as
chemokines, cytokines and lipid mediators, vasoactive amines or proteolytic enzymes
which lead to oedema which in turn enables leukocyte extravasation through

endothelial activation®.

In addition to the local inflammatory changes, systemic changes can occur as a result

of the acute-phase response (APR). The release of pro-inflammatory cytokines locally



results in generation of acute phase reactants by the liver such as C-reactive protein
(CRP) and serum amyloid A which in turn cause fever, leukocytosis, thrombocytosis,

somnolence, and reduction in glyconeogenesis’.

APR is followed by resolution during which tissue repair and remodelling take over to
return to tissue homeostasis. This is generally facilitated by tissue resident and pro-
resolution macrophages®*:. Particularly, lipid mediators play an important role in the
switch between APR and resolution!®%'?, The release of anti-inflammatory lipoxins as
well as resolvins and protectins instead of pro-inflammatory prostaglandins facilitates
resolution by inhibiting neutrophil recruitment and promoting monocyte recruitment
which play a role in removal of dead cells, a process referred to as efferocytosis, and

tissue repairt?14,

If APR is not sufficiently resolved, local inflammation can result in systemic events,
such as septic shock, or chronic inflammation. However, unresolved APR is not the
only cause of chronic inflammation: T-cell mediated immune response to “self-
antigens” can also lead to chronic autoimmune conditions such as rheumatoid arthritis

(RA)S,
1.1.1. Leukocyte Trafficking

The phenomenon of leukocyte extravasation was first described in the nineteenth
century by Dutrochet et al. who published his observations and drawings of leukocyte
migration in 18241617 Since then, this fine-tuned cascade has been intensely
investigated and distinct steps have been described: rolling, slow rolling, activation,
firm adhesion, intraluminal crawling and transmigration®. These steps are mediated by

selective activation and upregulation of a range of proteins.
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Figure 1. Leukocyte migration cascade across endothelium. The leukocyte
migration cascade comprises of a sequence of steps which are mediated by a range
of proteins. The initial steps of capture and rolling are dominated by the interaction of
selectins with proteins such as P-selectin glycoprotein ligand (PSGL)-1, E-selectin
ligand (ESL)-1 and Cluster of differentiation (CD) 44. Activation leads to a
conformational change in integrins such as lymphocyte function-associated antigen
(LFA)-1, Macrophage (Mac)-1 antigen and Very Late Antigen (VLA)-4 which then
interact with adhesion molecules such as Intercellular Cell Adhesion Molecule (ICAM-
1) and Vascular Cell Adhesion Molecule (VCAM)-1. Together with chemokines
presented on the endothelial surface, arrest and adhesion are triggered. The final step,
transmigration through the endothelial cell layer is mediated by proteins such as
platelet endothelial cell adhesion molecule (PECAM)-1, CD99 and junctional adhesion
molecule (JAM) -A.



A protein family of C-type lectins called selectins mediate the first steps in this cascade:
capture, rolling and tethering (Figure 1). Three types of selectins have been identified
to date in mammals: (1) E-selectin (Cluster of differentiation (CD) 62E) messenger RNA
(mRNA) and subsequently the protein are generated by endothelium upon activation
through inflammatory mediators such as tumour necrosis factor (TNF) a*81°, interleukin
(IL)-1B*° or IL-6%° released by tissue resident immune cells, and presented on the
endothelial cell surface. (1) P-selectin is formed prior to cellular activation and stored
in platelet granules and Weibel Palade bodies in endothelial cells?1?2, Upon cellular
activation, P-selectin is transported to the external plasma membrane?-22. (Ill) L-
selectin is constitutively expressed by leukocytes before it is shed upon leukocyte
activation?324, These selectins all bind to O-glycans such as sialyl Lewis* (sLe*) on
glycosylated proteins like P-selectin glycoprotein ligand (PSGL) 1 and CD442527, E-
and P-selectins bind to glycans on leukocytes whereas L-selectin can bind O-glycans
on endothelium and leukocytes. Interestingly, the glycosylation of cells has been
demonstrated to depend on the activation state. Lymphocytes and monocytes
upregulate sLe* upon activation and therefore increase their susceptibility towards
selectin interaction?628-30, For example, while naive T-cells do not express enzymes
involved in glycosylation such as Glucosaminyl (N-Acetyl) Transferase (GCNT) 1 and
Fucosyltransferase (Fut) 7, activated T-cells synthesise Core 2 O-glycans through the
upregulation of these enzymes3!. Proteins such as PSGL-1 and CD43, ligands of
selectins are then glycosylated which in turn enables the binding of T-cells to selectins,
while naive T-cell selectin ligands remain un-glycosylated and therefore are unable to
bind which prevents them from migrating into tissue®. Furthermore, PSGL-1 is

upregulated in IL-1R activated monocytes?® and in vivo studies in mice have shown



that Lymphocyte antigen (Ly) 6C" monocytes express higher levels of PSGL-1 than
Ly6C'® monocytes and exhibit increased binding to P-, E- and L-selectin. Additionally,
PSGL-1 was shown to mediate selective homing of Ly6C" monocytes to the arterial
wall during atherosclerosis®?. The interaction between selectins and glycosylated
ligands initiate the first steps of the migration cascade: capture, rolling and
tethering?#33-35, This interaction leads to further activation of both cell types through
spleen tyrosine kinase (SYK) mediated- signalling pathways downstream of PSGL-13,
However, not only selectin-glycan interactions mediate leukocyte capture and rolling:
the interaction between CD44 and the glycosaminoglycan (GAG) hyaluronic acid (HA)
has previously been described to contribute to lymphocyte rolling in vitro3” and calcein-

AM labelled leukocyte rolling in vivo®,

Eventually, rolling leukocytes slow down which enables contact with chemokines
(Figure 1), presented by GAGs on the endothelial surface3®4%, Chemokines are
expressed by cells such as endothelial cells and macrophages during inflammation
and act as chemoattractants for leukocytes. The interaction of chemokines with
chemokine receptors on leukocytes leads to their activation which in turn causes G-

protein coupled receptor (GPCR)- mediated conformational changes in integrins#142,

Integrins are proteins expressed on the cell surface consisting of two subunits: a and
B. Depending on the leukocyte, the CD18/32 subunit and different a subunits
determine the prevalent integrin: CD1la and CD18 make up lymphocyte function
associated antigen 1 (LFA-1), CD49a and CD29 make up Very late antigen 1 (VLA-1).
These two integrins are mostly found on lymphocytes, while Macrophage receptor-1
(Mac-1), made up of CD11b and CD18 is found on monocytes and macrophages. Upon

activation, the conformational changes of the integrins enable their interaction with



several members of the Ig superfamily, including intercellular adhesion molecule-1
(ICAM-1) or vascular cell adhesion molecule-1 (VCAM-1) expressed by activated
endothelium#3-%5, The interaction between these two protein types results in firm
adhesion and cell arrest of leukocytes. This is regulated through Phospholipase C
(PLC)-mediated calcium signalling, required for high-affinity binding of VLA-4 on
monocytes®. Other proteins such as C-C and C-X-C chemokines (e.g. C-C chemokine
ligand (CCL) 2) and IL-8 also mediate firm adhesion*647 and more recently studies
have shown that at least some of these chemokines depend on glycosaminoglycans
(GAG) for their presentation*®4852 These studies suggest that the immobilisation of
chemokines through GAGs on the cell surface contribute to a high local concentration
of chemokines, concentration gradients and chemokine-receptor binding, all potentially
modulating leukocyte migration. However, more studies are required to understand the
regulatory mechanisms involved in GAG-chemokine interactions and their effect on
leukocyte migration. Gangavarapu et al. and others have suggested that these GAG-
chemokine interactions might be a key in better understanding tissue specific

differences in leukocyte trafficking®354,

To transmigrate through the endothelium (Figure 1), leukocytes crawl on the
endothelial surface to find a suitable site for transmigration. Mac-1, LFA-1 and ICAM-
1 as well as chemokines such as C-X-C chemokine ligand (CXCL) 12 or lipid
chemoattractants (e.g. leukotriene B4) mediate crawling®. The final step,
transmigration, can occur in a trans- or paracellular manner. Transcellular migration
occurs when leukocytes move through endothelial cells which has been shown to
require membrane fusion®®. The more common route is paracellular, where leukocytes

travel through cellular junctions. Adherent leukocytes release signals to dissociate



adherens junctions, disrupting the endothelial layer®’°8, VE-cadherin plays a crucial
role as junction protein and is disrupted when monocyte adhesion changes the
phosphorylation state of the VE-cadherin, breaking its bond to a-catenin®°.
Furthermore, the junctional adhesion molecule (JAM) family proteins such as JAM-A,
which is located within tight junctions, participate in transmigration by interacting with
Mac-1%° and LFA-1%1. Additionally, Platelet endothelial cell adhesion molecule
(PECAM) 1 and CD99 also play a role in this step of the leukocyte recruitment cascade.
PEACAM-1 forms homophilic interactions which play a key role in vascular

permeability®263, detecting flow®*%° and leukocyte transmigration®6:67.
1.1.2. Monocytes

Monocytes are a heterogeneous group of circulating myeloid leukocytes which act
during inflammation and resolution. Upon migration into tissue, monocytes differentiate

into dendritic cells, macrophages or foam cells and exert their specific functions.
1.1.2.1. Monocyte subsets

Human monocytes are divided into subsets based on the surface expression of CD14
and CD16: classical monocytes (CL) are CD14** and CD16-, intermediate monocytes
(ITM) are CD14* and CD16* and non-classical monocytes (NC) are CD14" and CD16*
68, C-C chemokine receptor (CCR) 2, CX3CR1 and Major Histocompatibility complex
(MHC) Class Il are additional markers used to characterise human monocyte subsets:
CCR2 is highly expressed on classical monocytes while expression levels of CX3CR1
and MHC Class Il are high in non-classical and intermediate monocytes respectively®®.
Classical monocytes are the most abundant subset and generally considered to be

pro-inflammatory with antimicrobial functions, while non-classical monocytes act as



patrolling monocytes®® and are thought to act during early stages of inflammation as
well as in tissue repair>1068.70-72 The intermediate subset is the smallest subset and
considered to be monocytes transitioning from classical to non-classical monocyte.
They have been shown to act in a pro-inflammatory manner’®74 and also express

higher levels of IL-1B and TNFa’475,

In mice, subsets are identified and distinguished by the expression of lymphocyte
antigen 6C (Ly6C) expression. Other markers used for further characterisation of the
two populations are Gr-1 (Ly6C and Ly6G combined), CCR2 and CX3CR16876, Ly6C"
(Gr-1" , CCR2", and CX33CR1" ) monocytes, also referred to as inflammatory
monocytes, correspond functionally to human classical monocytes. Ly6C'*" (Gr-1'%,
CCR2%% and CX3CR1M ) monocyte subset, also referred to as patrolling monocytes,

is functionally similar to human non-classical monocytes.
1.1.2.2. Monocyte differentiation

Monocytes differentiate from hematopoietic progenitor cells in the bone marrow. The
growth factor macrophage-colony stimulating factor (M-CSF) within the bone marrow
environment is critical for the process of differentiation’’. Various studies investigating
the origins of the monocyte subsets have found that intermediate and non-classical
monocytes stem from classical monocytes. This has been shown in studies applying
lineage-tracing in mice’® and by deuterium-labelling of monocytes in humans’®.
Interestingly, disease-dependent changes in the proportions of respective monocyte
subsets have been reported in rheumatoid arthritis®®, inflammatory bowel disease®,
cardiovascular disease®? and sepsis® and changes in monocyte subset levels

correlate with poor clinical outcomes in for example stroke®84 and RA®.



Differentiated monocytes migrate from the bone marrow into circulation which requires
CCL2 and CCL7, for example expressed by B-cells®, and the receptor CCR2,
expressed by monocytes. This has been demonstrated in vivo using CCR2 deficient
mice which have lower circulating monocyte numbers but increased numbers in the
bone marrow®”. However, there is also evidence that Ly6C'°¥ cells have a different
CCR2-independent precursor since the number of patrolling Ly6C°¥ monocytes was

not reduced in CCR2 deficient mice while Ly6C" cells were reduced in circulation®.
1.1.2.3. Monocyte function

The three circulating human monocyte subsets have different functions. Classical
monocytes are phagocytic cells and migrate towards CCL2 and CCL3 gradients. This
suggests that this monocyte subset responds to tissue injury. Further evidence of their
pro-inflammatory role is their ability to release IL-6, -8, CCL2 and CCL3 upon
Lipopolysaccharide (LPS) stimulation®®’> and differentiation into monocyte- derived
macrophages and dendritic cells (DC)®. Like classical monocytes, intermediate
monocytes secret IL-6 and CCL3 upon LPS stimulation, but express higher levels of
MHC Class Il than the other two monocyte subsets, which suggests a role in defence
against pathogens. They also express high levels of IL-18 and TNFa 7> at steady
state. Furthermore, this subset is expanded in circulation in patients with systemic
infections®:92, However, their precise role remains elusive. Non-classical monocytes
are CX3CR1" cells, enabling them to migrate on endothelium which expresses the
CX3CRL1 ligand fractalkine®3°4. Migration and patrolling of the blood vessel wall is a
major part of the non-classical monocyte function. They respond in TLR7-mediated
inflammation and migrate into tissue after sterile infection®. Furthermore, non-classical

monocytes are found in the peritoneal cavity 1 to 2 h post infection of the peritoneal
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cavity with Listeria monocytogenes. This makes them the first subset to migrate in
response to the infectious stimulant, even before polymorphonuclear cells (PMN)®4.
Once they have migrated into tissue these cells start producing cytokines such as
TNFa and IL-1%* which exacerbates the inflammatory response. On the other hand, it
has been suggested that non-classical monocytes can also give rise to anti-
inflammatory macrophages which act in wound healing and have anti-inflammatory

properties®.
1.1.3. Macrophages

Macrophages are a diverse type of phagocytic cell which can be found in virtually all
tissues. Their diversity is reflected in their functions which range from efferocytosis to
contributing to antigen presentation, angiogenesis, protection against pathogens and

fibrosis® 71:96-99,
1.1.3.1. Macrophage phenotypes

The microenvironment of the tissue determines the phenotype of macrophages, which
can have pro- or anti-inflammatory propertiest®. However, macrophages are not only
present in tissues during inflammation. Tissue-resident macrophages are found during
homeostasis and are tissue specific: for example Langerhans cells in the skin and

Kupffer cells in the liver’8101,

The classification of macrophages is based on the expression of certain markers such
as CD80 and CD86, which are highly expressed in pro-inflammatory (M1)
macrophages, or CD206 which is highly expressed in anti-inflammatory (M2)

macrophages'®?.
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Classically activated, M1 macrophages develop through activation with Toll-like
receptor ligands such as LPS as well as Interferon (IFN) y. These macrophages act in
host defence against pathogens and secrete pro-inflammatory cytokines such as IL-
1R and TNFal03194 Alternatively activated, M2 macrophages develop in the presence
of IL-4 and IL-131%3, They display high endocytic activity and release anti-inflammatory

cytokines such as Interleukin-1 Receptor Antagonist (IL-1RA) and 1L-109%:195,

While in many studies this simplified idea of two separate macrophages subsets is
often applied, numerous studies have highlighted the plasticity of macrophages. These
studies showed that macrophages respond to signals from their environment by
reprogramming their phenotype, creating a spectrum of phenotypes rather than two
distinct subpopulations®106-110 For example, studies have suggested a link between
hypoxic conditions in wounds and tumours and pro-arteriogenic macrophages which
was induced through the prolyl-hydroxylase oxygen sensor which initiated the Nuclear
factor ‘kappa-light-chain-enhance’ of activated B-cells (NFxB) pathway!'!.

1.1.3.2. Macrophage differentiation

Most tissue resident macrophages arise from embryonic precursor cells and are
maintained locally’®12, These progenitor cells first develop from the ectoderm of the
yolk sac and have been detected as early as day 8 in mouse embryos’®112, However,
some macrophages also derive from the foetal liver or bone marrow. The bone marrow
lineage gives rise to circulating monocytes which can differentiate into macrophages
or dendritic cells upon migration into tissue, often in response to inflammatory
stimuli®® 7778113 |nterestingly, while macrophages can have this diverse range of
origins, studies have indicated, that colony stimulating factor receptor 1 (CSF1R), the

receptor of M-CSF (or CSF1) acts as a major regulator. In vivo studies with CSF1R
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deficient mice and rats have shown that its absence it leads to the depletion of
macrophages''#1>, However, depending on the lineage and tissue, other regulators
of macrophage development have been proposed. For example, IL-34 has been
described as ligand for CSF1R which affects microglia and Langerhans cells, but not
macrophages in bone marrow, liver or spleen!t®, Other regulators are Granulocyte-
macrophage colony stimulating factor (GM-CSF) and IL-3'17:18 as well as vascular

endothelial growth factor (VEGF)°.
1.1.3.3. Macrophage function

All macrophage phenotypes have the ability to phagocytose and are widely known for
their function in the immune system where they act either as pro-inflammatory or anti-
inflammatory cells. Pro-inflammatory macrophages release a range of inflammatory
modulators such as TNFa or IL-1B%° to initiate defence mechanisms against
pathogens, or IL-12 and IL-23 which are required for the expansion of Tul and Tn17
cells?0.121 While these responses to tissue injury are important and necessary, lack of
control of the pro-inflammatory response by macrophages can lead to chronic
inflammation or autoimmune disease?>1?4, Anti-inflammatory macrophages on the
other hand dampen pro-inflammatory responses by secreting factors such as IL-10%%°
or Arginase 1 (Arg1)'?6-12° These immune modulatory proteins act by promoting the
expansion of Th2 cells and Tregs to reduce the pro-inflammatory response and return
to homeostasis'®®. Furthermore, M2 macrophages facilitate wound healing. M2
macrophages are known to produce growth factors such as transforming growth factor-
B1 (TGFR1) and Platelet-derived growth factor (PDGF) which promote fibroblast
differentiation into myofibroblasts and therefore contribute to tissue regeneration31132,

They additionally generate matrix metalloproteinases (MMPs) and tissue inhibitors of
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matrix metalloproteases (TIMPs) which regulate Extracellular matrix (ECM)
turnover!33 while phagocytising apoptotic cells and components of the ECM to prevent

a M1 macrophage response.

Macrophages also play a critical role in development: mice lacking M-CSF, the ligand
of CSF1R are depleted of many macrophage populations which results in
developmental abnormalities such as increased bone density, also called
osteopetrosis, caused by a loss of osteoclasts!®#136, These abnormalities are caused
by the missing signals macrophages normally provide during tissue development, such
as Wnt ligands which act on hepatic progenitor cells'®’. Additionally, the phagocytic
function of macrophages is important for their functions in development. For example,
macrophages surround erythroblasts and ingest the extruded erythrocyte nuclei during

erythropoiesis'3® or phagocytose apoptotic cells during limb formation*4,

Furthermore, macrophages act in angiogenesis. Wnt signals and VEGF, generated by

macrophages, have been shown to be required in vascular development3%-141,

These functions clearly highlight, that apart from their phagocytic function,
macrophages also have very important signalling functions through the release of

mediators which act on a wide range of cell types.
1.2. Atherosclerosis

Atherosclerosis is an inflammatory disease!4? driven by two main factors: dyslipidemia
and vascular inflammation'42. Various risk factors such as smoking, hyperlipidemia,
aging, diet, diabetes mellitus and hypertension are associated with it143144,
Atherosclerosis is characterised by a build-up of lipids in the arterial wall. This process

occurs over decades, starting with fatty streak lesions which can be detected in
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children and young adults!4®, Over time these fatty streaks form mature plaques which
occlude the lumen of arteries and promote ischaemic events. People suffering from
atherosclerosis may experience symptoms such as impaired wound healing, cold limbs
and brittle nails due to poor circulation. If the peripheral arteries are affected, the clinical
term is peripheral arterial disease (PAD). PAD is mostly diagnosed using the Ankle-
Brachial Index (ABI) whereby the blood pressure in the ankle is compared to the blood
pressure in the arm. A ratio of less than 0.9 indicates possible PAD because the
measured blood pressure in the ankle is significantly lower than in the arm due to the
reduced blood circulation as a result of plaque build-up in the arteries. Furthermore,
blood tests detecting cholesterol, triglyceride or blood sugar levels are used for a
diagnosis. Imaging techniques such as X-ray, computer tomography angiography or
magnetic resonance angiography are also utilised to support diagnosis. If left untreated
it can lead to lethal complications such as stroke and heart attacks#®:146 which are the
leading causes of deaths worldwide#’. Current therapies are a legacy of the original
classification of atherosclerosis as metabolic disease and aim to reduce plasma
cholesterol levels. However, these therapies do not reduce the risk of cardiovascular
events efficiently'4814°_ In addition to medicinal intervention, patients are encouraged
to change their lifestyle by losing weight and/or stopping smoking'#4. And finally,
surgical intervention, for example stents, angioplasty or bypasses are used to treat
patients with atherosclerosis. Neither of these therapies address inflammation, which
is recognised as major driver of atherosclerosis!*?2. However, in 2017, the
Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial showed
that targeting inflammation is beneficial for patients with atherosclerosis'®®. While the

treatment of patients with canakinumab, a blocking anti-IL-13 receptor antibody, lead
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to a reduction in recurring cardiovascular events, it increased patients risk to
opportunistic infections. While canakinumab is not a suitable treatment, it is now seen
as important proof-of-concept study which highlights the potential of anti-inflammatory
drugs for the treatment of atherosclerosis. Since then, further clinical trials of anti-
inflammatory drugs have been conducted. Some have shown positive results such as
the Low Dose Colchicine (LoDoCo)*®! and LoDoCo02'%? trials, but other have reported
no reduction in the risk of cardiovascular events such as the Cardiovascular
Inflammation Reduction Trial (CIRT)3, which used low doses of methotrexate, an
immunosuppressant drug readily used in autoimmune disease such as rheumatoid

arthritis.

Retrospectively, these trials and studies act as important proof-of-concept which
highlight the significant role inflammation plays in driving atherosclerosis. Moreover,
they also demonstrate that current drugs are lacking in terms of efficacy and have
potential side-effects , highlighting the need for further research in the area to develop

more targeted therapeutics in the future.
1.2.1. Atherogenesis

During the early stages of atherosclerotic plaque formation, endothelial cells of the
vessel wall lining become activated upon lipid accumulation and disturbed blood flow
(Figure 2). Plaques do not form in random places but in areas of non-laminar flow such
as in inner curvatures or branch points (bifurcations) of arteries®4. This disruption of
laminar flow is known to alter the endothelial layer, thereby enabling particularly
modified low density lipoproteins (LDL) such as oxidised (ox) LDL and LDL bound to

proteoglycans to accumulate on the extracellular matrix in the intima of major blood
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vessels. The accumulation of LDLs leads to endothelial dysfunction via the interaction
of oxLDL with two scavenger receptors: CD36>° and lectin-type oxidized low density
lipoprotein receptor (LOX) 1'%, Studies have revealed that this leads to the
upregulation of adhesion molecule expression by the endothelium®>7158, Circulating
monocytes interact with these adhesion molecules to transmigrate across activated
vascular endothelium to the intima layer (Figure 2). The deposited lipids act as damage
signals, leading to differentiation of monocytes into macrophages and foam cells.
These cells release a range of pro-inflammatory stimuli such as TNFa, II-1(3, IL-6 and
IL-10° and contribute to a TLR-induced inflammation'>®160 thereby attracting more
leukocytes and initiating smooth muscle cell (SMC) proliferation61162, SMCs migrate
from the media to intima layer releasing components such as collagen and elastin,
forming a fibrous cap'%3. SMCs are also very plastic cells and are able to take up lipids
which promotes the generation of a foam cell-like phenotype®1.164, Over time, within
the plague microenvironment, dying macrophages release their lipid contents, and
calcification leads to formation of a necrotic core'6 (Figure 2). The continuous influx of
leukocytes results in an expansion of the necrotic core, restricting blood flow and
leading to ischemic events downstream of the plaque. Eventually, thinning of the
fibrous cap is caused by a decrease in SMC deposits due to their cell death®® and
degradation of ECM by proteinases such as metalloproteinases produced by
macrophages and SMCs'%6.167. These now termed unstable plagues can rupture in
some cases and release their contents (Figure 2). Plaque rupture is most likely caused
by mechanical stress®®4, further proteolytic degradation?6® or

microcalcification161.16%.170_ The release of these thrombogenic components from the
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necrotic core can lead to thrombus formation, potentially resulting in stroke or

myocardial infarction.
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Figure 2: Atherogenesis and plaque formation. High levels of cholesterol in
circulation can lead to the deposition of lipids in the vessel wall which causes the
activation of the endothelial cell (EC) lining of the blood vessel. Monocytes are able to
adhere to the endothelium and transmigrate into the intimal space where they
differentiate into macrophages or foam cells by accumulating low density lipoproteins
(LDL). These cells release pro-inflammatory stimuli which also promote migration of
smooth muscle cells (SMC) and the release of collagen from these cells which forms
the fibrous cap. In the later stages of atherosclerotic disease, excessive apoptosis
leads to necrotic core formation. The fibrous cap can be degraded which can lead to
plaque rupture. Thrombotic events such as stroke and myocardial infarction are a
result of ruptured plaques which can have lethal consequences.
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1.2.2. Role of monocytes and monocyte derived cells in atherosclerosis

Monocytes are involved in all stages of atherogenesis. Their migration into the vessel
wall drives inflammation during the progression phase, but also can contribute to

decreasing inflammation during resolution/regression.

Initially the activated endothelium at sites of lipid deposition facilitates monocyte
transmigration into the intima. Monocytes and endothelial cells interact via selectins,
such as P-selectin, in the capture phase of their recruitment and roll along the vessel
wall®32, This enables monocytes to come into contact with chemokines, presented by
GAGs on the luminal side of the endothelium, which activates them“°. Activation of
monocytes leads to L-selectin (CD62L) shedding and conformational changes in
monocytic integrins such as VLA-4 and Mac-1, enabling their interaction with adhesion
molecules ICAM-1 and VCAM-1 on the endothelial surface. These interactions are
followed by monocyte arrest. For example, the interaction of CCL5 on murine Ly6CM
monocytes with CC-chemokine receptor (CCR) 5 and CCRL1 is required for their
arrest’, while the interaction between ICAM-1 and Mac-1 leads to firm adhesion®.
Before monocyte migrate into the intima, they follow chemokines secreted by
endothelial cells, macrophages and smooth muscle cells, particularly CCL2, fractalkine
(CX3CL1) and CCL5'2173 For example, studies using Apolipoprotein E deficient
(ApoE” )CC-chemokine receptor deficient 2 (CCR27) mice on high fat diet showed
decreased atherosclerotic lesions area and macrophages in the aortic sinus compared
to ApoE™, highlighting the role of CCL2/CCR2 interaction in atherogenesis'’3. Upon
migration into the intima, monocytes differentiate into macrophages and foam cells by
taking up LDL through the LDL receptor. The activity of this receptor is downregulated

by increased cellular cholesterol levels, particularly during the early stages of foam cell
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formation'’*. However, scavenger receptors such as CD36 and LOX1 recognize
modified LDL which also promotes foam cell formation'”>. Modified LDLs are taken up
by these cells and then metabolically transformed in the endolysosomal system to fatty
acid esters'’®. The accumulation of these esters as well as free cholesterol in cells and
cell membranes results in enhanced pro-inflammatory signalling through TLRs16%.177
and cell stress which leads to apoptosis!’®179, Surrounding macrophages help clear
these dead cells through efferocytosis. However, an intact lipid metabolism is required
for efficient efferocytosis. During atherosclerosis, the lipid metabolism is disrupted
which impedes efferocytosis. A combination of insufficient efferocytosis and increased

cell death leads to the formation of a necrotic core within the plaque®’17°,

The excessive lipid accumulation also triggers more inflammatory responses: studies
have shown that the phagocytosis of cholesterol crystals induces the NOD-, LRR- and
pyrin domain-containing protein (NLRP) 3 inflammasome!®%-182, Furthermore, TLR also
appear to contribute by the recognition of oxLDL by macrophages via CD14-TLR4-

MD2 which results in the release of TNFa, IL-6 and IL-10°9.

These studies highlight the crucial role of monocyte-derived cells in the progression of
atherosclerosis, but monocyte-derived cells also play a significant part in the resolution
of atherosclerosis'5:183-18_ A decrease of pro-inflammatory macrophages is a hallmark
of atherosclerotic resolution and is mediated through different ways: I) suppressed
recruitment of monocytes from circulation into plaque'®; 1) apoptosis of plaque
macrophages'’® and 1ll) emigration of macrophages from the plaque'®>'®’. Studies
have shown that during regression, the number of monocytes recruited to plaques is
reduced significantly and in combination with macrophage apoptosis, leads to a

reduction of macrophage numbers within the plaques, independent of macrophage
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egress’®. Nevertheless, studies have also demonstrated the importance of
macrophage egress for regression’® . It appears that chemokines CCL19 and CCL21
and their respective receptor CCR7 are required for this process'®®, while mediators
such as netrin-1 have been shown to prevent the emigration of macrophages from
plaques and therefore inhibiting regression'®’. These studies highlight the importance
of clearance of pro-inflammatory macrophages from plaques to promote plaque
regression. However, regression also requires an enrichment of anti-inflammatory
macrophages'®+189.190  Studies have shown that monocytes are still recruited to the
plague during regression!®, but it appears, that Ly6C" monocytes are recruited and
differentiate into M2-like macrophages?®?. While it is long known that IL-4 is required
for the differentiation into M2 macrophages, a recent study by Weinstock et al., has
shown, that the differentiation also depends on Wnt signalling®3. IL-13 has been
suggested as mediator of M2 polarisation in plagues as well'®3, The recruitment and
differentiation of circulating monocytes into M2 macrophages is clearly important,
however, further studies have revealed that already present macrophages can alter

their phenotype to an anti-inflammatory phenotype during regression'8%1°1.194,

Overall, monocytes and monocyte-derived cells drive atherosclerotic progression as
well as regression. Monocyte migration into plaques is crucial for these processes and
further understanding how it is regulated will help to develop more targeted

therapeutics.
1.2.3. Experimental models of atherosclerosis

Many of the findings in atherosclerotic studies are based on murine models of

atherosclerosis. While wild type mice do not develop atherosclerosis unless fed a
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Western type/high fat diet for extended period of time of several months!®®, various
knock out models have been developed to accelerate the investigation of
atherogenesis in vivo. The first knock out model with accelerated atherosclerotic
plaque formation was reported in 199219198 plump et al., as well as Piedrahita and
Zhang et al., generated (apolipoprotein E deficient) ApoE”- mice and reported five
times higher plasma cholesterol levels and foam-cell rich plagues in the aortas of these
mice after three months. After eight months, these mice showed progressed lesions
and severe occlusion of the coronary arteries'®®. The mouse model was designed
based on ApoE being a part of the very low-density lipoprotein and being involved in
cholesterol transport in cells'®?. Shortly after the publication of the ApoE” model, a
second knock down mouse model for atherosclerosis was published: the ApoE
receptor knock out LdIr’- mouse®®®. Ishibashi et al., reported a two-fold increase in
plasma cholesterol levels compared to wild type mice. This mouse model was based
on the role of the LDL receptor (LDLr) in the removal of LDL from plasma by binding
to ApoE in intermediate density lipoproteins (IDLs) which have been cleaved from very
low density lipoproteins (VLDL) by protein lipases. These IDLs are cleared in to the
liver®®. Interestingly, Ishibashi et al., also reported that they were able to rescue the
model by the intravenous injection of a recombinant replication deficient adenovirus
encoding the human LDL receptor®®. Both of these knock out mouse models show
even more accelerated atherosclerotic plague formation when these mice were placed
on a high fat (Western) diet which increases total cholesterol plasma levels even more
compared to a standard chow diet*®®1%° Another approach is with the proprotein
convertase subtilisin/kexin type 9 (PCSK9) gain-of function model. PCSK9 is a protein

expressed by most cells and binds to the LDL receptor, preventing the uptake and
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recycling of LDL. By injection of a recombinant adeno-associated viral vector encoding
PCSK®9 into mice, followed by a high fat diet (HFD) hypercholesteremia is induced
which results in atherosclerotic plague formation?, This is a useful model since it can
be induced via a single injection of virus particles and does not require crossing of mice
strains with ApoE” or LdIr- mice to establish the role of a certain protein in

atherosclerosis.

While these mouse models are widely applied in atherosclerosis research, more
recently, atherosclerotic regression came into focus and various mouse models have
been developed to investigate this process. For example, aortic transplants of mice
with atherosclerotic plaques are transplanted into mice on a chow diet?°l, Here,
different mouse strains can also be combined to investigate the effects of certain
proteins in atherosclerotic plaque regression. This model enables the investigation of
migration of certain leukocyte subsets during regression if the respective leukocyte
subset of the receiving mouse is expressing fluorescent proteins or is labelled. Another
model of inducing atherosclerotic regression is the use of REVERSA mice. These mice
are LdIr’- mice with a conditional inactivation of the microsomal triglyceride transfer
protein large subunit (Mttp) gene®. The inactivation of Mttp results in the reversal of
hyperlipidemia and regression of atherosclerosis. Other approaches of inducing
regression are injection of mice with progressing atherosclerosis with either anti-sense
oligonucleotide (ASO) to Apolipoprotein B (ApoB)83202 or injection with recombinant
replication deficient adenovirus encoding the gene that was originally knocked out of
the respective mouse strain, for example human LDL receptor into LdIr’- mice®® or
ApoE into ApoE"186, The ASO approach is very useful as it can be used in combination

with the PCSK9 gain-of-function model to first induce progression and later regression,
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making it possible to use any kind of wild type or knock out model for atherosclerotic

in vivo studies.
1.3. Galectins

Galectins (Gal) are a family of 3-galactoside binding lectins. They are found in almost
all species from sponges?®® to mammals and to date 16 human galectins (Gal-1 to -
16) have been identified. These highly evolutionarily conserved proteins bind [3-
galactoside residues on glycoproteins or -lipids on cell surfaces or in the extracellular
matrix?** via carbohydrate recognition domains (CRD)?%°. Most galectin CRDs
recognise highly specific 3-galactoside regions, however studies have shown that the
binding affinities to these structures are relatively low?%. These interactions enable
galectins to carry out a wide range of functions, from cell adhesion to cell differentiation

and inflammation regulation.
1.3.1. Galectin structure and binding specificity

Galectins can be divided into three groups based on their structure: 1) prototype, II)
chimeric type and Ill) tandem-repeat galectins (Figure 3). All galectins consist of at
least one CRD of about 130 amino acids which are formed of two antiparallel B-sheets
composed of five and six B-strands each?®*. The first type of galectins are prototype
galectins and include Gal-1, -2, -5, -7, -10, -11, -13, -14, -15, and -16. They are made
up of a single CRD but can form homo- or heterodimers?%4. Gal-3 is the only known
chimeric type and consists of one CRD with a long N-terminal tail. Gal-4, -6, -8, -9 and
-12 make up the tandem-repeat type galectins which are made up of two distinct CRDs
which are connected by a linker domain. The length of the linker region can be between

around 5 and 50 amino acids and determines the galectin isoform. Studies have shown
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that different isoforms can have different functions?®’. While the CRDs define the
structure and the [3-galactoside specificity, it is only certain residues within the CRD
which directly interact with these glycans?%®. With the exception of Gal-10 which
appears to have a preference to 3-mannosides, each CRD has a preference for a
specific 3-galactoside containing glycan structure. For example, Gal-1 is known to bind
poly-N-acetyllactosamine chains while the Gal-3 CRD preferentially binds repeating [-
3GalB1-4GIcNAcB1-]n structures?%420° The two CRDs of tandem-repeat galectins
have distinct binding preferences. For example, the C-terminal CRD of Gal-8 binds to
GalNAca1-3(Fuca1-2)Gal residues while the N-terminal CRD binds to a2-3-sialylated

glycans?,

dimers

Gal-1, -2, (-5), -7, -10,
Prototype s ﬁ 11, 13, 14 -15

e
Chimera j imc Gal-3

Tandem-repeat , G Gal-4, (-6), -8, -9, -12

Figure 3: Structure of Galectins. Galectins are divided into three groups based on
their structure: Prototype, Tandem-repeat and Chimera. Prototype are formed of one
Carbohydrate Recognition Domain (CRD) but can form homo- and heterotypic dimers
or multimers. Tandem-repeat galectins consist of two distinct CRDs which are
connected by a linker region. The two CRDs can have different functions and different
isoforms can occur depending on the length of the linker region. Only a single chimeric
galectin has been identified to date: Gal-3. It is made up of a C-terminal CRD and a

longer N-terminal tail.
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More complexity to the structure of galectins is added by the formation of bivalent or
multivalent oligomers?!1. These oligomers can be homo-oligomers or hetero-oligomers
formed with other galectins?'! and can result in clustering of binding partners.
Homodimers of prototype galectins are held together by noncovalent electrostatic
forces which are concentration dependent??6212, Gal-3, the only chimera type galectin
also forms oligomers and it has been proposed that its proline, glycine and tyrosine

rich residues in the N-terminus contribute to this activity204.206.212,
1.3.2. Export from the cell

Galectins are expressed by a range of different cell types, including endothelial cells
and leukocytes, localised throughout several cellular compartments?13-215, Their

expression and release can be altered in various pathological settings?16-22,

Galectins lack a classical signal peptide and are therefore thought to be released from
cells via a non-classical secretory pathway. However, it is postulated that the secretion
or release of galectins is a tightly controlled mechanism since galectins have different,
and sometimes even opposing functions intra- and extracellularly??l. For example,
extracellular Gal-3 can induce apoptosis in T-cells whereas it inhibits cell death

intracellularly??2.

Various possible secretory and extracellular transport pathways for galectins have
been proposed to date (Figure 4). The vast majority of studies have focused on
mechanisms involved in the release of Gal-1 and Gal-3. Several groups have proposed
roles for Gal-3 in the formation of lipid rafts and trafficking of intracellular organelles,
however, the exact mechanism of transport remains unclear??®. Multiple studies have

demonstrated the release of Gal-1-rich extracellular vesicles via ectocytosis??4225,
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Figure 4: Release of Galectins. Galectins do not have a classical signal peptide and
are therefore released via a non-classical pathway from the cell. Different studies have
suggest a variety of pathways which are summarised in this figure. Galectins have
been found to directly interact with membrane proteins or lipoproteins to directly cross
the cell membrane. Other studies have shown that galectins are found in endosomes
and suggested that galectins are released via the endosomal pathway (En/ly).
Furthermore, exosomes (Exo), enriched with galectins have been identified suggesting
a tightly regulated export via exosomes. Another vesicle based export pathway which
has been suggested is via microvesicles bodies (MVB). Galectins have been found at
areas of microvesicular budding on the cell membrane and in microvesicles (MV)

released by cells

A further mechanism for the release of galectins from cells via vesicles has been
described for Gal-9. A study by Keryer-Bibens et al. demonstrated the presence of Gal-
9 in exosomes released from EBV- infected nasopharyngeal carcinoma cells??6 (Figure
4). Other mechanisms involving a direct translocation across the cell membrane have

also been proposed. It has been reported that Gal-3 can cross the lipid bilayer by a
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direct interaction with membrane lipids??’ (Figure 4). A study on Gal-1 demonstrated
the requirement of molecular interactions of integral and peripheral membrane proteins

for the transport across membranes?28,

However, more evidence is required to determine whether these proposed

mechanisms of release apply to other galectins.
1.3.3. Galectin functions

To date, galectins are known to have great diversity of intra- and extracellular functions.
Various studies have demonstrated that galectins can modulate the cell
cycle/apoptosis, RNA processing and cellular differentiation but also in pathological

processes such as tumorigenesis and immune responses?23,

Intracellularly, galectins have been shown to interact with proteins such as B-cell
lymphoma-2 (Bcl-2), Bcl-2 associated X (Bax), CD95 or synexin, which are all involved
in apoptosis??4222, For example, a study by Harazono et al. demonstrated the ability of
Gal-3 to heterodimerise with Bax and prevent apoptosis in thyroid carcinoma cells??2.
In contrast, the interaction between Bcl-2 and Gal-7 has been shown to trigger the
intrinsic apoptotic pathway by releasing apoptogenic factors from the mitochondrial
membrane, such as cytochrome ¢ or Smac/DIABLO??%, Furthermore, Gal-1 and Gal-3
have been proposed to play roles in pre-mRNA splicing which is critical for mRNA

stability of glycoprotein Mucin-4, a main component of mucus?39-232,

Once released from cells, galectins can act in a wide range of functions. They have
been shown to bind to cell membrane proteins modulating cell activity or forming cell-
cell and/or cell-matrix interactions. Extracellular Gal-9 for example supports monocyte-

derived dendritic cell maturation by inducing phosphorylation of Mitogen-activated
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protein kinase (MAPK) p38 and ERK1/2233. Gal-1 has been shown to cause the co-
clustering of CD43 and CD45 on DCs and in turn activating DCs by mediating Syk and
protein kinase C tyrosine kinases?33. However, on T-cells, Gal-1 binds CD43 and
CD45 but separates them into different clusters with CD7 and CD3 respectively?3+.
Differential clustering has been suggested to be necessary for the induction of
apoptosis?®*. Other galectins, such as Gal-3, have also been found to cause co-
clustering or form lattices with cell-surface proteins 2°4. Gal-1 and -3 also form
interactions between cells and the ECM?235236, Gal-3 was proposed to mediate the
interaction between integrins and the ECM which regulated cell migration and
promoted wound healing in monkey corneal epithelium?3¢. Furthermore interactions
between pathogens and cells can also be mediated by galectins. Kleshchenko et al.
found Gal-3 promoted the adhesion of Trypanosoma cruzi to human coronary artery

smooth muscle cells?37,
1.3.3.1. Galectins in Inflammation

Galectins have been identified as modulators of immune regulation. They are
expressed endogenously in a range of immune cells but can also act as exogenous

soluble proteins.

Gal-1 drives naive T-cells towards a Th2 phenotype by inducing apoptosis in Thl and
Th17 cells. This specificity in regulation of cell polarisation or death results from
differential sialylation of glycoproteins in different T-cell subsets which in turn alters the
binding affinity of the galectin. Other galectins have also been shown to induce
apoptosis in different subsets of T-cells such as Gal-2, Gal-3, Gal-4 and Gal-9

(reviewed in?'1). Galectins have been shown to affect other immune cells including B-
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cells, neutrophils and monocytes. Gal-1 activates and polarizes macrophages towards
an M2 phenotype?!l. Gal-9 on the other hand was observed to promote an anti-
inflammatory programme by inhibiting the production of IL-1 and TNFa but
upregulating IL-10 in immune complex-stimulated macrophages?!®. A preclinical model
of pristane-induced lupus also indicated a pro-inflammatory function for Gal-9 since
Gal-9 deficient mice exhibited less severe nephritis and arthritis?3. Various galectins
modulate neutrophil function. Gal-1 for example disrupts the interaction between
neutrophils and endothelial cells while Gal-4 induces phosphatidylserine exposure

selectively on activated neutrophils?t,

Interestingly, various studies have demonstrated increased levels of soluble galectins
in serum or plasma of patients with inflammatory diseases such systemic sclerosis,

atherosclerotic stroke and systemic lupus erythematosus (SLE)?3%-241,
1.3.3.2. Galectins in leukocyte trafficking

Galectins are also implicated in leukocyte recruitment (Figure 5). Even though from the
same protein family, different galectins have been shown to affect leukocyte migration
in opposing manner. Exogenous Gal-1, for example inhibits rolling of
polymorphonuclear cells (PMN) in vitro as well as in vivo during acute
inflammation?42243 (Figure 5). Conversely, endogenous chimera-type Gal-3 has been
reported to promote recruitment of PMN and lymphocytes in vivo244245, Impaired slow
rolling and emigration was observed in Gal3™~ mice during acute inflammation, while
the administration of recombinant Gal-3 reduced rolling velocity and increased the
number of adherent neutrophils and monocytes in vivo?*® (Figure 5). The in vitro

models support direct effects of Gal-1 and-3 on leukocyte migration. However, in vivo
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studies using endothelial-specific knock out mice or bone marrow chimera models
could help to distinguish between the role of endogenous galectins in hematopoietic

and non-hematopoietic cells in context of recruitment?46.247,
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Figure 5. Galectins can modulate leukocyte trafficking. Galectins have a wide
variety of functions in the immune system. The leukocyte trafficking cascade has been
shown to be modulated by galectins. Galectin-1 has been shown to inhibit the
recruitment of T-cells and neutrophils. On the other hand, Gal- 2, -3, -8 and -9 have

been shown to increase leukocyte recruitment.

Various studies have also investigated the role of galectins in the next step of the
migration cascade: adhesion. For example, a study revealed Gal-3 can mediate
chemokine function. The study revealed Gal-3 forms heterodimers with CXCL1224¢ a
chemokine known to interact with C-X-C chemokine receptor (CXCR) 4. This
interaction between CXCL12 and CXCR4 is known to modulate tissue infiltration of
neutrophils and monocytes in myocardial infarction and atherosclerosis?4%-251, Eckardt

et al. showed that Gal-3 inhibited CXCL12 mediated migration of neutrophils and
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monocytes in vitro as well as the infiltration of the peritoneum in vivo. The study also
showed that the recruitment of classical monocytes in vivo was significantly increased
to the peritoneum of Gal-37/~ mice after thioglycollate treatment compared to wild type
mice, further indicating a role for Gal-3 in CXCL12 mediated recruitment of classical
monocytes. Whether circulating Gal-3, which is upregulated in various inflammatory
pathologies?39252.253 s also able to interfere with CXCL12 mediated leukocyte
recruitment in situ remains unknown. The authors of the study nevertheless suggest
that, based on their data, the CRD of Gal-3 may be a promising anti-inflammatory
target. Other galectins have also been shown to modulate leukocyte
adhesion?42:245254.2%. myultiple studies have found that Gal-1 inhibits leukocyte
extravasation?#22542%_ Conversely, several other galectins have been shown to
promote leukocyte adhesion to the endothelium?°. Yamamoto et al. treated peripheral
blood leukocytes with Gal-8 (Figure 5), and found increased adhesion to human
umbilical vein endothelial cells (HUVECs) which they believed was a4-integrin-
dependent. An important caveat of this study was that these assays were performed
under static conditions. Due to the lack of physiological flow, the leukocytes
automatically come into contact with the endothelium and the effect of these galectins
on the capture of leukocytes by the endothelium cannot be assessed. The use of
physiological flow would help to uncover whether galectins also affect the capture, and

therefore adhesion and transmigration.
1.3.3.3. Galectins in atherosclerosis

Galectins are involved in many inflammatory diseases and some studies have
highlighted their role atherosclerosis. He et al. tested Gal-1 serum levels in patients

with larger artery atherosclerotic strokes at day 1 and 6 as well as 4 weeks post stroke
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as well as in age and sex-matched controls. In their study, He et al. found that Gal-1
levels were upregulated 4 weeks after the stroke occurred, compared to the healthy
controls, suggesting that Gal-1 serum levels may be associated with large artery
atherosclerotic stroke?®®. Gal-1 levels in plagues however do not change with
increasing inflammation as shown by Lee et al., when they compared Gal-1 levels
using immunohistochemistry in plaques of ApoE” mice on high fat diet for either 16 or
26 weeks?®’. They also showed that statin treatment did not alter Gal-1 mRNA and
protein levels either?>’. Furthermore, a study investigating VSMCs showed that Gal-1
increased VSMC binding to extracellular matrix (ECM) components by strengthening
the integrin-ECM interaction and thereby decreasing vascular smooth muscle cell
(VSCM) motility?®8. Since VSMC motility is an important part of atherogenesis, Gal-1

may play a role in this pathological process. However this needs further investigation.

Numerous studies have also shown that Gal-3 levels in serum or plasma are increased
as a result of peripheral®>®263 or coronary artery disease?%4266 |arge artery
atherosclerotic stroke?® in humans and diet-induced atherosclerosis in ApoE”- mice?*.
Many of these studies also show a positive correlation between the Gal-3 levels in
serum or plasma and the severity of the disease?62266.267 or inflammation markers such
as CCL2 or CRP. Other studies looked at Gal-3 binding protein which was also
increased in plasma levels of coronary artery disease patients and was associated with
long-term mortality?®®. Investigations of Gal-3 binding protein levels as part of a 4-
biomarker signature in vascular extracellular matrix of atherosclerosis patients showed
a positive correlation of ECM levels with atherosclerosis progression and incidences
of cardiovascular diseases?®®. These studies all highlight the use of Gal-3 and Gal-3

binding protein as biomarkers for (the severity of) arterial disease. Especially since
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Gal-3 also can be used to differentiate inflammatory cardiovascular disease from other
inflammatory diseases such as diabetes mellitus?%® or rheumatoid arthritis?3. However,
it has to be used in combination with other biomarkers to make reliable predictions and
a standardised ELISA test has to be established since the detected levels vary greatly
(between average values of 4.5%61 - 17.6 ng/ml®>? in arterial disease patients and 2.8261

-14.42%° ng/ml in healthy controls).

In vivo studies using ApoE” Gal-37- mice showed that these mice had significantly
lower numbers of atherosclerotic lesions and atheromatous plaques as well as smaller
plagues with a smaller lipid core and less collagen compared to ApoE"- mice?7° 271,
highlighting the role Gal-3 in atherogenesis, not just as biomarker. Additional studies
have demonstrated two separate pathways in which Gal-3 enhances the activation of
endothelial cells by oxidised low density lipoprotein (oxLDL). Chen et al. demonstrated
that Gal-3 increases oxLDL-mediated upregulation of inflammatory markers II-113, IL-
6, IL-8, CXCL-1, CCL2, ICAM-1 and VCAM-1 on HUVECSs through a 31-integrin-RhoA-
JNK mediated pathway?’2. On the other hand, Ou et al. highlighted a different pathway
leading to increased inflammation of HUVECs after oxLDL-mediated inflammation.
They found that Gal-3 promoted inflammation by upregulating LOX-1, a oxLDL
receptor, which mediates a Reactive oxygen species (ROS)/p38/NFkB-mediated
signalling pathway, leading to increased adhesion molecule expression and resulting
in increased adhesion of monocytic cells as well as IL-8 secretion?’3. Whether the
different pathways leading to enhanced activation of oxLDL-stimulated HUVECs occur
due to the different amounts of Gal-3 (250 ng/ml 272 and 2.5-20 ug/ml?”3 or different
sources of the oxLDL used needs to be established. Increasing adhesion of monocytic

cells by activating the endothelium?”3 is not the only way in which Gal-3 contributes to
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monocyte-mediated atherogenesis. An earlier study has shown that Gal-3 induces
monocyte and macrophage migration in a concentration dependent manner?’4. Lee et
al. initially showed a positive correlation between macrophage content and Gal-3
content of plaques in ApoE” mice on high fat diet?5’. Madrigal-Matute et al. furthered
this and identified Phorbol myristate acetate (PMA)-activated monocytes and
macrophages as source of Gal-3 which was released through a pathway involving
exosomes?%’, Furthermore, Di Gregorli et al. have recently shown that Gal-3 marks a
macrophage subset in atherosclerotic plaques with potentially beneficial
characteristics by regulating macrophage polarisation as well as invasiveness which
leads to a slower plaque progression?°3. Further investigations need to be done to

show how Gal-3 can act as pro- and anti-atherogenic factor.

The phenotypic change of vascular smooth muscle cells as well as their migration
marks atherosclerotic progression. Fort-Gallifa et al. showed that the Gal-3 expression
patterns in the arterial wall differed between PAD patients and healthy controls: in
healthy controls, Gal-3 was mainly in the adventitia whereas in PAD patients, Gal-3
was mainly found in the media, adjacent to SMCs?%°, Another study by Tian et al.
further highlights the role of Gal-3 on VSMCs in atheroprogression. Using Gal-3
knockdown in SMCs, they showed that endogenous Gal-3 expression in VSMCs upon
oxLDL stimulation is essential for the phenotypic change marked by increased
osteoponin, calponin and alpha-actin expression leading to increased migration,
proliferation as well as phagocytosis?’>. They suggested that a canonical Wnt/R-
catenin signalling pathway is responsible for this Gal-3 mediated phenotypic shift. The
same group further expanded the understanding of how Gal-3 is involved in SMC

regulation in a follow up study. They showed that exogenous Gal-3 also promoted
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human umbilical vascular smooth muscle cell (HUSMC) proliferation and migration as
well as the proteins marking the phenotypic changes in their previous study. These
changes are triggered through a Wnt/B-catenin signalling pathway?’¢. Menini et al.
showed that the same pathway is involved in Gal-3/RAGE mediated calcification
patterns of VSMCs?’’. These findings were further expanded by a study in the
commonly applied atherosclerotic in vivo model using ApoE”- mice. Sun et al. showed
that Gal-3 and RAGE regulate sortilin in opposite ways, resulting in up- and
downregulation respectively. This consequently lead to different calcification patterns
where RAGE caused microcalcification and Gal-3 caused macrocalcification of

atherosclerotic plaques in the ApoE"- mice?’8.

These studies show that Gal-3 is contributing in various ways to atheroprogression but
also its ability to act as beneficial regulator in macrophages, highlighting the complex
activity of Gal-3. To investigate its potential as therapeutic target, several studies used
modified citrus pectin (MCP), a carbohydrate known to bind Gal-3. They treated
ApoE” mice on high fat diet with MCP i.v. and found that the treatment decreased
plaque volume?’!, atherosclerotic lesion numbers as well as decreased macrophage
and smooth muscle cell numbers?’®. Lu et al. also showed that MCP treatment has an
direct effect on monocyte adhesion to oxLDL stimulated endothelium by decreasing
adhesion?’®. The short-term treatment of ApoE”- mice on high fat diet with atorvastatin,
a statin, decreased Gal-3 mMRNA and protein levels in aortic plaques?®’. Another study
in patients with carotid artery atherosclerosis however showed that long term treatment
with statins increased Gal-3 intraplaque levels but decreasing macrophage numbers
inside of plagues?®. They concluded that this might mediate plaque stabilisation?8°,

These studies clearly highlight the therapeutic potential of Gal-3, either as therapeutic
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or as target. However, further studies are needed to understand the complex
mechanisms in which in acts in atherogenesis to be able to use it as successful

therapeutic target.

To date, only a limited number of studies have analysed Gal-9 in context of
atherosclerosis. A study reported increased serum levels of Gal-9 in patients suffering
from large artery atherosclerotic stroke and reported?®. Interestingly, a study which
measured Gal-9 serum levels in coronary artery disease patients found decreased
levels compared to healthy controls?!, The study also evaluated the effects of Gal-9
on T-cells. They reported that Gal-9 shifted T-cell phenotypes towards Tregs, While
suppressing T-helper 17 cells, therefore decreasing IL-17 production?'® which are both
crucial for the resolution of atherosclerosis®. Furthermore, Gal-9 treated peritoneal
macrophages release less pro-inflammatory cytokines than Phosphate buffered saline
(PBS) treated peritoneal macrophages when stimulated with heat-aggregated IgGs28L.
These findings suggest that Gal-9 could have an atheroprotective role, as was
suggested in a recent review?®2, Furthermore, a study investigating the effects of
galectins on leukocyte adhesion found that the incubation of monocytes with Gal-9
increased their adhesion to HUVECs?®. However, the transmigration of monocytes
was not quantified and whether the increased adhesion might contribute to increased
plague formation needs to be further established. However the role of Gal-9 in the
development of atheroma, particularly in context of monocytes has not yet been

investigated and requires further research.
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1.3.4. Galectin-9

Gal-9 is 36 kDa-large protein, encoded in humans by the LGALS9 gene and located
on Chromosome 17, long arm at locus 11.2 (17g11.2). It belongs to the tandem-repeat
subset of the 3-galactoside binding galectin family. Gal-9 is made up of two distinct
CRDs at the C- and N-termini which are connected by a flexible linker region. The N-
terminal CRD consists of 148 amino acids and is connected to the 149 amino acid long
C-terminal CRD via a 14-56 amino acid long linker. The length of the linker region
determines the isoforms of Gal-9 which are generated through post-transcriptional
splicing. So far five variants have been found: full length Gal-9 and Gal-9 with deletions
of exons 5, 6 or 10 in various combinations?®3. Studies have shown that three different
isoforms of Gal-9 have different functional characteristics. Zhang et al. demonstrated
that the expression of the longest isoform decreased the expression of E-selectin in
LoVo cells whereas the other two isoforms increased E-selectin expression?%’,

Gal-9 is expressed in a wide range of tissues at different levels of expression?13.214.284-
289_Studies in endothelial cells for example have shown that Gal-9 is upregulated when
these cells are treated with pro-inflammatory stimuli such as IFNy214288 or double
stranded RNA (Poly 1:C)?892%_ A series of studies have reported increased serum or
plasma levels of Gal-9 in patients with various inflammatory diseases such as SLE?*,
autoimmune hepatitis??, systemic sclerosis?*°, rheumatoid arthritis?®?> and large artery
atherosclerotic stroke?® while a recent review suggested that circulating Gal-9 levels
correlate with diseases severity?®3, These studies indicate a disease/ inflammation
specific regulation of Gal-9 expression, which suggests that its function is associated

with inflammatory processes.
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Previous studies have identified various functions of Gal-9 intra- and extracellularly.
The variety in functions has been attributed to the differences in binding affinities of the
two CRDs. The C-terminal CRD primarily recognises receptors and induces
downstream signalling whereas the N-terminal CRD and linker region contribute to the

potency of the signalling process?%4.

Many functions of Gal-9 are in immune regulation. Gal-9 induces apoptosis in Th1 and
TH17 cells via TIM3 binding, but not in TH2 cells ?°°. More recent studies on Gal-9
binding to T-cells identified Protein disulphide isomerase (PDI) as a binding partner of
Gal-9 and thereby increasing T-cell migration through ECM via B3-integrins?%. In
macrophages, Gal-9 has been shown to modulate the expression of FcyR?!l. Other
studies concerning the extracellular function of Gal-9 on macrophages have
demonstrated its ability to suppress the production of TNFa and IL-18 and enhance
the release of IL-10 production following stimulation with immune complexes?!?.
Interestingly, Matuusra et al. showed that the overexpression of Gal-9 in THP-1 cells
resulted in an increase in the mRNA expression of inflammatory cytokines IL-1a and
IL-1B through interactions with nuclear factor (NF)-1L6%°7. Studies have also shown that
Gal-9 induces pro-inflammatory cytokine production in T helper cells, dendritic cells
and myeloid derived suppressor cells??82%° Gal-9 was first described as eosinophil
chemoattract3® and has since also been reported to promote monocyte chemotaxis°?.
To date, only a single study has investigated the role of Gal-9 on monocyte recruitment
in vitro. Treatment of primary monocytes with soluble Gal-9 was shown to increase
their adhesion to HUVEC under static conditions?°®. Additionally, it has been proposed
that by forming lattices, Gal-9 can cluster several receptors and trigger interactions

between cells3%?, Interestingly, various in vivo studies have reported seemingly
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contradicting effects for Gal-9 in various models of inflammatory diseases: O’Brien et
al. showed that direct injection of Gal-9 into knees of mice caused an increase in the
knee circumference as well as an increase in F4/80* macrophage infiltration®°%, On the
other hand other studies also using exogenous Gal-9 have shown that it improved
clinical symptoms such as arthritis in a murine model of SLE3%® and Arikawa et al.
showed that injecting Gal-9 subcutaneously into mice with collagen induced arthritis
resulted in an improvement of their clinical scores significantly?8t, These varying results
of the effect of Gal-9 in inflammatory models highlight the necessity of a better

understanding of Gal-9 modulated inflammation, particularly in leukocyte recruitment.
1.4. Aim and hypothesis

Based on previous research highlighting the immunomodulatory effects of Gal-9 in
several models of inflammation the following hypothesis was formulated: “Gal-9
contributes to atherosclerosis in a pro-inflammatory manner by modulating monocyte
recruitment”. To challenge this hypothesis, several of the following aims were

addressed:

a. Characterisation of Gal-9 expression in cells involved in atherogenesis:
monocytes, macrophages and endothelial cells

b. Characterisation of effect of Gal-9 on monocytes and macrophages and their
recruitment

c. Assessing atherosclerotic plaque progression in ApoE”- Gal-97- mice on high fat

diet
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The results of this study might provide insight into a potential role of Gal-9 in
atherogenesis which could hold potential as novel therapeutic target in the prevention

of cardiovascular events by reducing atherosclerotic plaque progression.
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2. Chapter 2: Materials and Methods

2.1. Ethical approval
All participants provided informed written consent before samples were collected. The
use of biological samples for this study was approved by the local ethics committee.
This study was conducted following Good Clinical Laboratory Practise and in
accordance with the Declaration of Helsinki.

2.2.Stable form of recombinant Gal-9

The recombinant Gal-9 protein used in this study is a stable, linkerless form purchased
from GalPharma. In order to reduce the susceptibility of Gal-9 to proteolysis, the linker
region is removed, which increases its stability. Studies have revealed that the
linkerless version of Gal-9 does not affect eosinophil chemoattraction3®*. However,
differences between native forms and this recombinant form of Gal-9 in their functions

due to the variable flexibility of the linker cannot fully be excluded.
2.3.Human blood leukocyte isolation

All healthy donors were required to be over 18 years old with no previous diagnosis of
cardiovascular disease. Donors between 24 and 34 years were considered healthy
young donors (HY, average age 28.00, SD 3.55 ). Healthy aged donors (HA) were
between 56 and 82 years old ( average age 68.16 SD 6.76) and matched the age of
the peripheral arterial disease patients (PAD, average age 70.71 SD 9.85). The PAD
patients were selected by a clinical assessment at Queen Elisabeth Il Hospital,

Birmingham.

Blood samples were collected via venepuncture in ethylenediaminetetraacetic acid

(EDTA) coated Vacuette® tubes (Greiner Bio-One). Peripheral Blood Mononuclear
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Cells (PBMCs) were isolated as previously described. Briefly, 5 mL whole blood was
layered on top of 5 mL of Histopaque 1077 (Sigma Aldrich) in a round bottom tube and
centrifuged at 800 g for 30 min (Figure 6). The resulting top layer of plasma was
collected and stored at -80 °C. The PBMC layer was aspirated using Pasteur pipettes
and diluted in 11 ml PBS without Ca?* and Mg?* (PBS(-/-), ) before centrifugation at
300 g for 5 min. This step was repeated once before the cell pellet was diluted in 1 mL

PBS(-/-) and cells were counted using the Cellometer Auto T4 (Nexcelcom Bioscience,

USA).
Whole blood Plasma
800 g x 30 min PBMC
Histopaque 1077 PMN
Histopaque 1119 Red Blood Cells
_/ O

Figure 6: Separation of whole blood. In order to separate Peripheral blood
mononuclear (PBMC) or Polymorpho nuclear cells (PMN) from other cell components,
a sugar density gradient is used. Whole blood is layer on top of Histopaque with two
different densities (1.077 g/ml and 1.119 g/ml) and centrifuged at 800 g for 30 min at
room temperature. The various components of blood such as blood plasma, PBMC or

PMN can then be collected and processed further.

2.3.1. Gal-9 treatment of PBMC

In order to stimulate PBMC with Gal-9 in the presence or absence of lactose or
sucrose, 1 x 108 cells per condition were incubated with 100 nM Gal-9 in PBS (+/+) for

20 min at room temperature. If lactose or sucrose were used to block Gal-9, a 25 mM
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solution of each sugar was prepared in PBS (+/+) and 100 nM Gal-9 were added for
20 min at room temperature before the addition of the PBMC. N-formyl-methionyl-
leucyl-phenylalanine (fMLP) treatment was used as positive control for monocyte
activation. The PBMC were incubated with 1 uM fMLP in PBS (+/+) also for 20 min at
room temperature. The PBMC were then stained with antibodies for flow cytometry

analysis as described below in Chapter 2.5.
2.3.2. CD14+ Monocyte isolation

CD14*" monocytes were isolated by washing PBMC in ice cold MACS buffer (PBS(-/-)
supplemented with 0.5 % Bovine serum albumin (BSA) and 2 mM EDTA). After
determining the cell number, per 1 x 10° cells, 80 puL of MACS buffer and 20 uL of
magnetic anti-CD14 MicroBeads (Miltenyi) were incubated on ice for 20 min before
separating CD14* monocytes from the other CD14" cell fraction using magnetic
columns. The CD14* monocytes were eluted from the magnetic column using 5 mL
MACS buffer. Cell numbers were determined by centrifugation of the eluate and
resuspending the pellet in 1 mL MACS buffer before analysis on the Cellometer Auto
T4 cell counter (Nexcelom). Purity of the cell isolation was determined using flow

cytometric analysis of CD14 and CD16.

2.3.3. Macrophage culture
Macrophages were cultured by plating 3 x 10°> CD14* monocytes per well of 24-well
culture dish. The cells were initially cultured in Medium 199 (Gibco) + 0.1 % BSA for
45 min until the cells have adhered to the culture dish. The media was then replaced
by Medium 199 containing 10ng/ml EGF (Sigma Aldrich) and 10 % autologous serum

and the cells were cultured for 6 days. On day 6 the macrophages were treated with
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Medium 199 containing 10 ng/ml EGF and 1 % autologous serum with either 100 ng/ml
LPS (Sigma Aldrich) and 20 pg/ml IFNy (Peprotech), to generate M1 phenotype
macrophages, or with 20 ng/ml IL-4 (Peprotech) to generate M2 phenotype
macrophages in the presence or absence of 100 nM Gal-9 for 24 h.

2.4.Human Umbilical Vein Endothelial Cell isolation and culture

Umbilical cords were collected from donors who gave their informed consent and

underwent elective C-sections at City Hospital Birmingham.
2.4.1. HUVEC isolation from umbilical cords

A previously published protocol was followed to isolated HUVECs3%, Briefly, umbilical
cords were stored at 4 °C for up to 24 h until isolation of vein endothelial cells. PBS (-
/-) was used to clean the intubated vein from any remaining blood, before the PBS (-/-
) was removed. 1 mg/ml collagenase Type la (Sigma Aldrich) in PBS (-/-) was passed
into the umbilical cord vein and incubated for 15 min at 37 °C. Following the incubation
period, the umbilical cord was carefully massaged and the collagenase solution
containing the endothelial cells was flushed out of the umbilical vein with PBS (-/-). The
cell suspension was centrifuged at 800 g for 5 min and the cell pellet was resuspended
in M199 medium supplemented with 10 ng/ml human epidermal growth factor, 1 pg/ml
hydrocortisone (Sigma Aldrich) , 2.5 pg/ml amphotericin B (Sigma Aldrich), 1 %
penicillin and streptomycin (Sigma Aldrich) and 20 % fetal calf serum (Merck) and
transferred to tissue culture treated cell culture flasks. HUVECs were cultured in
standard culture conditions (37 °C, 5 % CO2). Once cells reached 80-90 % confluency,
cells were lifted by washing them with 0.02 % EDTA and then treating them with 2.5

mg/ml trypsin until the cells dissociated from the surface. Trypsin was inactivated by
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the addition of culture media. The cell suspension was centrifuged at 800 g for 5 min
and the pellet was resuspended in the culture media and seeded into respective culture

dishes. HUVECs were used in assays between passages 1-3.
2.4.2. Culture of commercially available HUVEC

Commercially available, single-donor cells (Promocell) were cultured in Endothelial
Cell Growth Medium (ECGM, Promocell) in standard culture conditions and used at

passage 6.
2.4.3. HUVEC stimulation

In order to activate HUVECS, the cells were treated with 20 ng/ml TNFa, 20 ng/ml IFNy,
a combination of the two or with 20 pg/ml Poly I:C (Tocris) in M199 containing 2 %
Fetal Calf Serum (Merck). The cells were stimulated for 4-48 h and their mRNA and
protein levels were analysed using quantitative polymerase chain reaction (qQPCR) and
flow cytometry respectively. The supernatant of the various culture conditions were
also collected for subsequent analysis for Gal-9 levels with Enzyme-linked

Immunosorbent assay.
2.4.4. Knock down of Galectin-9 in HUVEC

3.33 x 10° commercially available HUVEC at passage 5 were seeded into each well of
a 6-well culture dish and grown for 24 h to reach confluency. The endothelial
monolayers were treated with either 25 nM Gal-9 siRNA (Qiagen; FlexiTube
GeneSolution GS3965 for LGALS9, Cat# 1027416) or 25 nM control siRNA (Negative
control siRNA, Qiagen, Cat# 1027310) in OptiMEM reduced serum medium (Gibco)
containing Lipofectamin RNAiMax (Invitrogen) for 4 h at standard culture conditions.

The treatment was removed and replaced with ECGM and cultured for another 20 h.
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Then, endothelial cells were detached using Accutase™ Cell Dissociation Reagent
(Accutase, Gibco) and seeded into p-Slide IV 0.4 channel slides (ibidi). 4 h after
seeding, the endothelial cells were treated with ECGM with or without 20 pg/ml Poly
I:C and incubated for 24 h. Knock down of Gal-9 and activation of cells was confirmed

by flow cytometric analysis of Gal-9 and ICAM-1 levels.
2.5. Quantitative polymerase chain reaction
gPCR was applied to quantify mRNA levels.
2.5.1. Total RNA extraction

RNA was extracted using RNEasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Briefly, the respective cells were lysed in 350 pl RLT buffer and stored at
-80 °C. After defrosting, samples were added to Qiashredder spin columns (Qiagen)
and centrifuged at 8000 g for 8000 g for 30 sec at 4 °C. 350 pl ice cold 70 % EtOH in
H20 were added per samples and transferred to a RNeasy spin column for
centrifugation at 8000 g for 30 sec at 4 °C. The spin column was washed twice by
adding 700 pl RW1 buffer and centrifuging at 8000 g for 15 s at 4 °C. Detergents were
cleared from the column by washing it with 500 pl RPE buffer and centrifuging at 8000
g for 2 min at 4 °C. To clear the column of remaining EtOH contained in the RPE buffer,
the columns are centrifuged empty at 8000 g for 1 min at 4 °C before eluting the RNA
from the spin column in 15 pl of RNase free H20. The RNA samples were stored at -
80 °C until circular DNA (cDNA) conversion was performed. RNA concentrations were
determined using NanoDrop and adjusted to 40- 300 ng/ul RNA per sample using

RNase free water.
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2.5.2. cDNA synthesis

In order to convert RNA to cDNA, the Applied Biosystems High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher) was used. Per 10 pl of RNA sample, 2 pl of
10 x RT buffer, 0.8 pl 25 x dNTP Mix, 2 pl 10 x Random primers, 3.2 pl RNase free
H20, 1 pl Applied Biosystems RNaseOUT inhibitor (Thermo Fisher) and 1 pl
MultiScribe™ Reverse Transciptase (Applied Biosystems) was used. The reverse
transcription was performed in a thermal cycler set to 10 min at 25 °C followed by 120
min at 37 °C and 5 min at 85 °C. cDNA samples were then stored at -20 °C.

2.5.3. qPCR measurement

MRNA quantification was performed using respective 0.5 pl Applied Biosystems
TagMan™ Gene Expression Assay (FAM) primers (see Table 1 for details) and the
Applied Biosystems TagMan™ Universal PCR Master Mix and 1 pl respective cDNA.
The quantification was performed in MicroAmp® Optical 384-Well Reaction plate
(ThermoFisher) for 2 min at 50 °C followed by 10 min at 95 °C followed by 40 cycles
of 95 °C for 15 sec and 1 min at 60 °C in a Applied Biosystems ABI 7900HT Fast Real-
Time PCR Thermal Cycler. The data was expressed as fold change of AACT. 18S
MRNA was used as housekeeping gene.

Table 1: Applied Biosystems TagMan™ Gene Expression Assay (FAM) primers
used in this study

Target gene Code Manufacturer
18S Hs03003631 gl
CD80 Hs00175478 m1l
CD86 Hs01567026_ml
CD206 Hs00267207 m1l Thermo Fisher
SELE Hs00174057 ml
ICAM1 Hs00164932 m1l
LGALS9 Hs04190742 mH
VCAM1 Hs01003372 _ml
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2.6. Flow Cytometry

Flow cytometry was used to analyse total or extracellular protein in single cell

suspensions.
2.6.1. Extracellular staining

Single cell suspensions containing PBMCs or PMN (Figure 7A) were incubated with a
species-specific Fc-receptor blocking agent (Miltenyi) for 20 min on ice to prevent non-
specific antibody binding to Fc receptors. Endothelial cells were directly stained with
antibodies. Each sample was stained with 100 pl of the corresponding antibody mix in
PBS(-/-) (see Table 2 and Table 3) which also Zombie Aqua Fixable Viability Kit
(Biolegend) to exclude dead cells from analysis (Figure 7B). The samples were
incubated on ice for 20 min. If a secondary antibody was required, the cells were
incubated with the primary antibody first, washed in PBS (-/-) and then incubated for
20 min on ice with the corresponding secondary antibody and the other, fluorescent-
conjugated antibodies of interest. The samples were incubated on ice for 20 min in the
dark, washed at 800 g for 5 min and resuspended in 300 pl PBS containing 1 % PFA.
The samples were stored at 4 °C until analysis on CyAn ADP Analyser (Beckman

Coulter).
2.6.2. Intracellular staining

In order to detect total protein levels, cells were stained with extracellular markers as
described above and then fixed for 20 min in 4 % PFA in PBS (-/-). The cells were
permeabilised by washing three times in 1x eBioscience™ Permeabilisation buffer
(Thermo Fisher, UK) at 800 g for 5 min and incubated with the respective antibody mix

in 1 x eBioscience™ Permeabilisation buffer for 20 min at room temperature. In case
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of intracellular staining, the cells were washed three times with 1x eBioscience™

Permeabilisation buffer before incubation with the corresponding secondary antibody

in 1x eBioscience™ Permeabilisation buffer for 20 min at room temperature. The cells

were washed three times

in 1x eBioscience™

Permeabilisation buffer and

resuspended in 300 pul PBS (-/-) and stored at 4 °C until analysis on CyAn ADP

Analyser.

Table 2: Antibodies used for the staining of human cells

Target Fluorophore Clone Dilution | Manufacturer
CCR2 APC Cy7 K036C2 1:50 Biolegend
CD11b Bv421 ICRF44 1:50 Biolegend
CD11c BV510 S-HCL-3 1:50 Biolegend
CD14 PE Texas Red TuK4 1:100 ThermoFisher
CD16 BVA421/FITC 3G8 1:100 Biolegend
CD18 (active) APC MEM-148 | 1:50 invitrogen
CD44 APC IM7 1:100 ThermoFisher
CD45 FITC 2D1 1:50 Biolegend
CD62L APC Cy7 DREG-56 | 1:50 Biolegend
CX3CR1 PerCP-eFluor™ | 2A9-1 1:50 Biolegend

710
Gal-9 unconjugated polyclonal | 1:50 R&D
Anti-goat IgG (H+L) | Alexa Fluor 488 | polyclonal | 1:100 Invitrogen
ICAM-1 APC HAS58 1:200 BD Pharmingen
MHC Class lI FITC L243 1:50 Biolegend
TIM-3 (CD366) PE F38-2E2 | 1:50 Biolegend
VCAM-1 FITC 51-10C9 1:50 BD Pharmingen

Table 3: Antibodies used for the staining of murine cells

Target Fluorophore Clone Dilution Manufacturer
CD4 APC GK1.5 1:50 Biolegend
CD8 PE-Texas Red 5H10 1:50 ThermoFisher
CD3 eFluor 450 145-2C11 | 1:50 ThermoFisher
CD25 PerCP Cy5.5 PC61.5 1:50 Biolegend
CD45.2 PE 104 1:50 BD Bioscience
CD45 (1.V.) APC Cy7 30-F11 10 mg/ml | Biolegend
F4/80 FITC CLA3-1 1:50 ThermoFisher
Ly6C Bv421 AL-21 1:50 BD Bioscience
Ly6G APC 1A8 1:50 BD Bioscience
NK1.1 FITC PK136 1:50 Biolegend
Siglec F PE-Texas Red | E50-2440 | 1:50 BD Bioscience
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Figure 7: Flow cytometric analysis. Flow cytometry enables analysis of protein and
nucleic acids in single cells suspensions. These can be generated from cultured cell
lines, blood samples or tissue samples which can be digested enzymatically or
disrupted physically resulting in single cell suspensions made up of one cell type or a
mix of cells. These single cell suspensions can either express fluorescent proteins or
antibodies can be used for protein analysis. These antibodies can be either directly
conjugated to fluorophores or a fluorophore-conjugated secondary antibody can be
used. Fluorescent dies are used to stain the nucleic acid content of cells or to
distinguish live from dead cells. Permeabilisation enables detection of surface and

intracellular proteins.

2.7.Western blot

2.7.1. Sample preparation

In order to determine total protein levels in differentiated macrophages, these
macrophages were lysed in RIPA buffer (Table 4) containing the protease inhibitor
(Roche) for 30 min on ice. The protein concentration in each sample was determined
using the Pierce™ BCA Protein Assay Kit (Thermo Flsher). The protein concentration
was adjusted using RIPA buffer and samples were denatured by adding the
appropriate amount of 4 x SDS sample buffer (Table 5) containing 10 % R3-

mercaptoethanol and heating for 10 min at 95 °C.

Table 4: RIPA buffer

Material Amount Manufacturer
Sodium chloride 150 mM Sigma Aldrich
Triton X-100 1.0% Sigma Aldrich
Sodium deoxycholate 0.5% Sigma Aldrich
Sodium dodecyl sulfate 0.1 % Sigma Aldrich
Tris, pH 8.0 50 mM Sigma Aldrich

54



Table 5: SDS sample buffer, pH 6.8

Sodium dodecyl sulfate 8 % Sigma Aldrich
Glycerol 40 % Sigma Aldrich
Bromophenol Blue 0.008 % Sigma Aldrich
Tris HCI 0.125 M Sigma Alrich

2.7.2. Protein electrophoresis

25 ul of sample were loaded onto a 10-well 4-12 % NuPAGE™ 4-12 % Bis-Tris mini
protein gel (Thermo Fisher). 5 pl of PageRuler™ Prestained Protein Ladder was also
loaded. The protein electrophoresis was performed by at 120 V in a tank containing 1
x NuPage™ Running Buffer (Thermo Fisher) which was supplemented in the upper

chamber with NUPAGE™ Antioxidant (1:500, Thermo Fisher).
2.7.3. Protein transfer

After protein electrophoresis, proteins inside the gel were transferred onto a PVDF
membrane using a 1 x NUPAGE® Transfer Buffer (Novex by life technologies) with 10
% methanol and 1 % Antioxidant. The transfer was performed at 40 A for 2 h.
Successful protein transfer was assessed by staining the PVDF membrane with

Ponceau S solution followed by washing in ddH20.
2.7.4. Processing and imaging of membrane

Membranes were blocked with Tris buffered saline (TBS) supplemented with 1 %
Tween 20 (TBST) containing 10 % milk powder for 1-1.5 h at room temperature on a
shaker. After blocking, the membrane was washed three times for 10 min in TBST at
RT on an orbital shaker. If required, the membrane was then cut into respective
sections and incubated over night at 4 °C on a shaker with respective primary

antibodies in TBST containing 5 % BSA (polyclonal anti-alpha Tubulin antibody, #2144,
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Cell Signalling Technology, 1:1000 and polyclonal anti-Gal-9 antibody, AF2045, R&D

Systems, 1:500).

Following incubation with the primary antibodies, the membrane was washed three
times for 10 min at RT on a shaker with TBST followed by incubation with the
secondary antibody. The secondary Horse Radish Peroxidase (HRP)-conjugated
antibodies (polyclonal rabbit anti-goat IgG (H+L) secondary antibody, Invitrogen, UK,
1:5000 and polyclonal anti-rabbit IgG secondary antibody, #7074, Cell Signaling
Technology, 1:1000) were prepared in TBST containing 10 % milk powder and
incubated with the membrane for 1 h at RT on a shaker. The membrane was then

washed three times 10 min with TBST at room temperature on a shaker.

To detect the proteins by visualising the antibodies, the membrane was incubated for
1 min at RT with Amersham™ ECL Prime Western Blotting Detection Reagent (GE
Healthcare). An Amersham™ Hyperfilm ECL film (GE Healthcare) was then exposed

to the membrane for 1-5 min and subsequently developed.

The developed film was scanned and densiometric analysis of the detected protein

bands was performed using ImageJ software.
2.8. Immunofluorescent staining

CD14* monocytes were isolated from PBMCs as described above. 3 x 10° cells were
cultured per well in an ibidi u-slide 8 well dish (ibidi) for 16 h as described above. For
extracellular staining the cells were fixed in 2 % PFA, followed by repeated washing in
PBS or PBS containing 25 mM lactose (Sigma Aldrich). Cells for intracellular staining
were fixed with ice cold methanol and washed three times in PBS afterwards. The cells

were blocked with 1 % BSA and 10 % donkey serum in PBS before incubating the cells
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with the primary antibody for 1 h at room temperature. Antibodies used were polyclonal
Gal-9 antibody (AF2045, R&D Systems, 1:50). Cells were washed repeatedly in PBS
before the Alexa Fluor 488 donkey anti-Goat IgG (H + L) antibody (Invitrogen, 1:200)
was applied for 1 h at room temperature in the dark. The cells were washed repeatedly
after the incubation. Vectashield anti-fade mounting media containing DAPI
(Vectorlabs) was applied just before imaging the cells using the Zeiss LSM780
confocal microscope (Zeiss). All buffers for the intracellular staining contained 1 %
Tween-20 (Sigma-Aldrich). Monocytes, both permeabilized and non-permeabilized,
were also stained with the secondary antibody in the absence of the primary to

measure the extent of non-specific binding.

2.9. Enzyme-linked immunosorbent assay

For the detection of Gal-9 in human plasma samples as well as culture media of
Macrophage and endothelial cell cultures, the Human Galectin-9 Quantikine ELISA Kit
(Biotechne) was used according to manufacturer’s instructions. Briefly, plasma
samples were diluted 4-fold with the Calibrator Diluent, whereas cell culture
supernatants were used without diluting. A 1:1 mix of sample or standard with Assay
Diluent was prepared and added to each well of the microplate. The plate was
incubated on a shaker for 2 h at room temperature before each well was washed with
Wash Buffer. The human Galectin-9 Conjugate was added to each well and incubated
for a further 2 h at room temperature on a shaker. This was followed by thorough
washing with Wash Buffer before Substrate Solution was added. The plate was
incubated for around 20 min at room temperature protected from light before Stop

Solution was added and the plate was analysed on a plate reader at 540 nm.
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The optical density measurements of Gal-9 in each sample were normalised to the
optical density measurements of the standard curve to calculate the amount of Gal-9

in each sample.

2.10. Flow based adhesion assay

2.10.1. Preparation of channel slides

For coating the p-Slide VI 0.4 Channel Slides (Ibidi) with recombinant Gal-9 protein,
solutions of 5- 100 pg/ml recombinant Gal-9 in PBS (-/-) were prepared and 30 pl of
the respective solution was used to fill each channel. The slides were incubated for 1
h at standard culture conditions before replacing the Gal-9 solution, washing with each
channel three times with 200 pl of 1.5 % BSA in PBS (-/-) and blocking the channel
with 200 pl 1.5 % BSA in PBS (-/-) for 1 h in standard culture conditions. In case Gal-
9 was blocked with lactose or sucrose, 25 mM lactose or sucrose in 1.5 % BSA in PBS
(-/-) was incubated for 20 min at 37 °C prior to the use of the channel in the flow based

assay.

When an monolayer of activated, Gal-9 siRNA treated endothelial cells were cultured
in the p-Slide V1 0.4 Channel Slides, the cells were prepared and seeded in the channel

slides as described above (Chapter 2.3.4.).
2.10.2. Preparation of PBMC or monocyte suspension

PBMC or CD14* monocytes were isolated from whole blood of HY, HA and PAD as
described above (Chapter 2.2.). Cell suspensions of 1 x 107 cells/ml in PBS(-/-) were
prepared. If CD14" cells were treated with antibodies against CD18, 5 x 10° cells were

incubated in 500 ul PBS (-/-) containing CD18 antibody (10 pg/ml, Clone IB4,
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Calbiochem) or a 1gGza isotype control for 20 min on ice immediately before being

added to the flow assay.
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Figure 8: Schematic set up of flow based adhesion assay. In order to assess
capture and adhesion properties of recombinant proteins or observe transmigration
through endothelial monolayers in physiological flow conditions, a flow based assay is
used. The set up enables to perfuse cell suspensions over channels coated with either
recombinant protein or endothelial cell monolayers. The wall shear stress and time of
perfusion and wash out can be controlled via the pump and the capture, adhesion and

transmigration can be observed live through a microscope connected to a camera.

2.10.3. Set up of flow based adhesion assay and cell perfusion

The flow assay box was preheated to 37 °C and the tubing was attached (Figure 8).
PBS (+/+) containing 0.15 % BSA (Flow buffer) was prepared and warmed to 37 °C
and perfused through the flow assay tubing prior to the perfusion of cells to ensure the
absence of bubbles. The channel slide was attached with Luer adapters and flow buffer

was added to the wash reservoir.
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The pump was set to flow rates of either 0.4 or 0.8 ml/min to generate a wall shear
stress in the channel slides of 0.05 or 0.1 Pa respectively. Following formula was used
to calculate the flow rate:

(t *w = h?)
6n

Q: flow rate

1. wall shear stress (0.1 or 0.05 Pa)

w: width of the channel; 3.8 mm in p-Slide VI 0.4 Channel Slides
h: height of the channel; 0.4 mm in p-Slide VI 0.4 Channel Slides

n: viscosity of flow buffer; 0.7 mPa*s in this case

Once a stable flow was established, the respective number of cells was diluted in flow
buffer to a concentration of 1 x 10° cells/ml and added to the sample reservoir. PBMC
or CD14* monocytes were perfused over the recombinant protein or endothelial cell
monolayer for 4 min, followed by a 1 min wash out period with flow buffer. This was

followed by imaging seven random fields along the middle of the channel.

For each repeat of experiments, the order in which the various channels were perfused
was changed to ensure that the length of time at which the PBMC or CD14* were not

used did not affect the number of adherent cells observed.

In order to quantify the adhered or transmigrated cells (Figure 9A, B), the mean number
of adhered or transmigrated cells per image were counted. From this, the average of
adherent/transmigrated cells of all seven images was then normalised to the number
of adhered cells per 1 mm? per 1 x10° perfused cells3%. Adhered cells were classified

as the total number of static cells (Phase bright and phase dark), while spread cells (in
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case of recombinant protein) and transmigrated cells (in case of endothelial

monolayers) were classified as Phase dark cells (Figure 9B).

A Leukocytes on recombinant protein Leukocytes on Endothelium
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Figure 9: Adhesion and transmigration observed in the flow based adhesion
assay. Adhered, spread and transmigrated cells were quantified based on their
appearance in the images captured through a phase contrast microscope. On
recombinant protein, adhered, non-activated cells appear phase bright (green circle)
while spread cells appear phase dark (blue circle). Leukocytes adherent to an
endothelial monolayer appear phase bright (orange circle) while transmigrated cells
appear phase dark (red circles).

2.10.4. Bisbenzamide staining

In order to visualise the shape of the nuclei of adhered cells post perfusion, the

channels were perfused with 1 pg/ml bisbenzamide in PBS (+/+) and incubated in the
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dark for 15 min at room temperature. The channels were imaged using a fluorescent

microscopy.
2.11. Animal models

All animal studies were performed in accordance with UK laws [Animal (Scientific
Procedures) Act 1986] with approval of the local ethical committee and UK Home
Office approval. All mice were kept in a 12 h light 12 h dark cycle and food and water

were supplied ad libitum.
2.11.1. Tracking of CD45* cells in vivo

Six week old male C57BL/6J (WT) mice and Galectin-9 knockout mice (B6(FVB)-
Lgals9tm1-1Cie/Mmucd, RRID:MMRRC_031952-UCD were obtained from Charles River,
UK and the Mutant Mouse Resource and Research Center (MMRRC) at University of
California at Davis, an NIH-funded strain repository, and was donated to the MMRRC
by Jim Paulson, Ph.D., The Scripps Research Institute. Mice were injected with 200l
of anti-CD45 APC-Cy7 antibody (10 pug/ml, Clone 30.F11, Biolegend, UK) one hour
prior to their sacrifice. Blood samples were collected by cardiac puncture in EDTA
coated tubes and the body was perfused with PBS (-/-). Spleen, liver, lungs as well as

femur and tibia were collected for isolation of leukocytes.

Femur and tibia were flushed with PBS (-/-) to collect the bone marrow and spleens
were crushed before they were passed through 70 um strainer to collect a single cell

suspension which was stored on ice.

Each lung was crushed and incubated at 37 °C for 1 h in 1 ml digestion buffer

containing 500 ng/ml Liberase TL (Roche) and 100 ng/ml DNase (Roche) in PBS (-/-)
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on a shaker. Post incubation, the digested tissue was passed through a 70 um strainer

and stored on ice.

In order to isolate leukocytes from liver tissue, livers were crushed and passed through
a 70 um strainer. The cells were pelleted at 900 g for 5 min at 4 °C and resuspededd
in 10 ml PBS (-/-). 5 ml of the cell suspension were layered on top of 7 ml of Optiprep
dilution ( 4.69 ml Optiprep and 11.62 ml PBS (-/-), Stemcell Technologies). The
samples were centrifuged at 1000 g for 25 min and the cell at the interface between
Optiprep and PBS were collected. The samples were washed in ice cold PBS (-/-) at

900 g for 5 min at 4 °C.

Once all single cell suspensions were prepared, the cells were pelleted at 800 g for 5
min at 4 °C and then resuspended in 1 ml Red Blood Cell lysis buffer for 10 min at
room temperature. The red blood cell lysis buffer was also added to 200 pl of whole
blood. 9 ml PBS (-/-) were added after the incubation period and the samples were

centrifuged at 800 g for 5 min.

The cell pellets were stained with antibodies (Table 3) as described above. The
appropriate single stain and isotype controls were also prepared. The samples were

analysed on the CyAn ADP™ Analyser.
2.11.2. Zymosan induced peritonitis in the presence of soluble Gal-9 in vivo

Zymosan (0.2 mg, Sigma-Aldrich) was injected i.p. 1 hour after injection with PBS(-/-)
with or without 10 mg Gal-9 i.p. to WT C57BL/6J mice. Mice were sacrificed at either
2, 4 or 16 h and the peritoneal cavities were lavaged with ice-cold PBS containing 2

mM EDTA. Samples from the peritoneal lavage were prepared for flow cytometric
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analysis as described in Chapter 2.6. Cell free lavage fluid was retained for analysis of

inflammatory mediator levels by Luminex (Labospace Milan).
2.11.3. Murine model of atherosclerosis

Apolipoprotein E deficient (ApoE’) mice on a C57BL/6J background were obtained
from Charles River. ApoE”- and Gal-97-mice were crossed in house to generate double
deficient offspring (ApoE’ Gal-97). 9 week male mice were placed on high fat diet
(HFD) (21.4% cocoa butter [w/w] and 0.2% cholesterol [w/w]; Special Diet Services)
for 12 weeks before they were sacrificed. Blood was collected for serum analysis and
whole aorta and heart were excised for histological analysis. Hearts and aortas were
incubated in 4 % PFA in PBS (-/-) over night at 4 °C. The PFA solution was replaced
with 30 % sucrose in PBS (-/-) and incubated over night at 4 °C. The samples were
incubated in PBS (-/-) for a further 24 h before the top half of the heart was mounted
in OCT, frozen and stored at -80 °C. 8 um thick sections of the aortic root were
prepared and stored at -20 °C until staining. Aortas were cleared off visceral adipose

tissue and cut open longitudinally for en face staining.
2.11.3.1. Hematoxylin and Eosin staining

The tissue sections were brought to room temperature and incubated in tap water for
2 min. The sections were transferred to Harris Hematoxylin solution (Pioneer Research
Chemicals Ltd.) for 6 min before rinsing in tap water for 2 min followed by 30 sec
incubation in 1 % acetic alcohol (Pioneer Research Chemicals) and washing in tap
water for 2 min. The samples were incubated in Scott’s tap water substitute (Pioneer
Research Chemicals Ltd.) for 30 seconds followed by rinsing in tap water for 2 min.

The sections were dunked into Eosin solution (1 % Aqueous, Pioneer Research
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Chemicals Ltd.) followed by immediate rinsing in tap water for 2 min. The sections were
dapped dry, mounted with DPX mounting medium (Sigma Aldrich) and covered with a

coverslip (Figure 10A).

2.11.3.2. Oil Red O staining

The Oil Red O solution was freshly prepared before each staining. 3 % (w/v) Oil Red
O powder (Sigma Aldrich, UK) was incubated in 100 % isopropanol overnight. The
solution was filtered through Whatman paper and diluted 2:5 in ddH20. Finally, the

resulting solution was filtered through 0.22 pum filters.

For en face staining, each aorta was incubated in ddH20 for 1 min, followed by
incubation in 60 % isopropanol in ddH20 for 1 min before being transferred to the Oil
Red O solution for 5 min. The aortas are then washed in 60 % isopropanol in ddH20
for 1 min before being transferred to ddH20 for 1 min. The aortas were then mounted
onto double sided sticky tape and fixed onto sample slides. The aortas were imaged
using a Nikon D10 Camera and quantified using Photoshop and ImageJ software. The
plague burden was quantified as percentage of Oil Red O positive areas of the total

area of the aorta.

The aortic root sections were brought to room temperature and incubated in ddH20 for
2 min followed by one minute in 70 % isopropanol. The samples were then transferred
into the freshly prepared Oil Red O solution for 15 min before rinsing in ddH20. The

slides were mounted in PBS (-/-) and covered with a cover slip (Figure 10B).

2.11.3.3. Van Gieson staining

Aortic root sections were brought to room temperature and incubated in ddH20 for 2

min followed by incubation in van Gieson Extra solution (Atomic) for 1 min. The slides
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were rinsed for 2 min in 100 % EtOH, followed by 2 min incubation in 100 % EtOH.
The slides were mounted in DPX mounting medium and covered with a cover slip

(Figure 10C).

2.11.3.4. Immunohistochemical staining of CD68

Aortic root sections were first blocked with PBS containing 10 % FCS (Merck) and 10
% goat serum (Sigma) at room temperature for 30 min. Following incubation with rat
anti-CD68 antibody (10 pg/ml, clone FA11, Novus Biologicals) at room temperature for
1.5 h, sections were washed in PBS followed by incubation with secondary AlexaFluor
546 conjugated goat anti-rat IgG antibody (10 pg/ml, Invitrogen) for 1.5 h at room
temperature. After washing, sections were mounted with Vectashield® Antifade

mounting medium with DAPI (Vector Laboratories) (Figure 10D).

2.11.3.5. Imaging and analysis

All sections were scanned using the AxioScan Z4 (Zeiss, Germany) at 20x
magnification. The plaque area, collagen content and macrophage content were
quantified using ImageJ software. Collagen content and macrophage content are
plotted as the average collagen content of each individual plaque within the aortic root.
The collagen and macrophage content was calculated as percentage of the total area

of the plaque.

2.12. Statistics

For all statistical analysis, GraphPad Prism software (GraphPad Software) was used.
Normal distribution was tested using Shaprio-Wilks test. Differences were analysed
using t- test to analyse differences between two groups. One and two way Analysis of

variance (ANOVA) with appropriate post hoc testing were applied to compare data
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comprising of more than two groups. For data which was not normally distributed, a

Kruskal-Wallis test was performed. A p value < 0.05 was considered significant.
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Figure 10: Histological and immunofluorescent staining of murine
atherosclerotic plaque sections. Sections of cryopreserved atherosclerotic plaques
were prepared and then stained with various staining methods to visualise and quantify
different parts and cell types in the tissue. Hematoxilin and eosin staining (A) was used
to visualise the general tissue structure. Nuclei appear dark blue while the cytoplasm
and extracellular matrix appear pink. In order to visualise lipids, Oil Red O (B) was
used. This stains lipids in red while leaving the rest of the tissue unstained. Van Gieson
staining (C) was used to quantify collagen content of plaques. Collagen fibers appear
in pink while other cell organelles appear yellow and red. Immunofluorescent staining
using anti-CD68 antibodies (D) were used to quantify the macrophage content while

DAPI was used to stain nuclei. The sections were imaged using the Zeiss AxioScan.
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CHAPTER 3:

ENDOGENOUS GAL-9
EXPRESSION IN
MONOCYTES
MACROPHAGES AND
ENDOTHELIAL CELLS



3. Chapter 3: Endogenous Gal-9 expression in monocytes macrophages and
endothelial cells

3.1.Rationale

Gal-9 has previously been shown to be upregulated in range of cell types including
macrophages3°®, myeloid derived suppressor cells?*® and endothelial cells in response
to inflammatory stimuli, e.g. IFNy213214.288 Furthermore, increased circulating levels of
Gal-9 have been detected in plasma and serum of patients with various inflammatory
diseases such as rheumatoid arthritis, type 1 diabetes, SLE and large artery

atherosclerotic stroke, however the source of circulating Gal-9 remains unknown.

This chapter characterises endogenous Gal-9 expression in monocytes, macrophages

and endothelial cells in basal and various inflammatory conditions.
3.2.Characterisation of Gal-9 expression in monocytes

Monocytes are broadly classified into three subsets based on their differential
expression of CD14 and CD16: CD14*CD16 cells are considered classical monocytes
(CL), CD14* CD16" cells as intermediate monocytes (ITM) and CD14- CD16* cells as
non-classical monocytes (NC). Further markers such as CCR2, CX3CR1 and MHC
Class Il have also been assigned to these subsets®. Here we have characterised the
basal expression of Gal-9 in these subsets. Gal-9 lacks a traditional signal peptide,
which regulates protein translocation to the cell surface, we therefore investigated
whether it is presented in a glycan-dependent manner. Furthermore, we compared the
levels of Gal-9 in monocytes of healthy donors to those of PAD patients to investigate
whether Gal-9 expression in monocyte subsets is disease dependent. Since the

average age of the PAD patients was 70.71 (SD 9.85) years, we used healthy young
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and healthy aged controls (average age 28.00 (SD 3.55) and 68.16 (SD 6.76),
respectively) to establish whether potential differences are disease and/or age

dependent.

3.2.1. LGALS9 mRNA is expressed in human monocytes

To determine LGALS9 mRNA levels in primary monocytes from healthy young, aged
and PAD patients, gPCR was employed. CD14* monocytes were isolated from whole
blood using CD14 magnetic microbeads. RNA was isolated from these cells and
converted to cDNA. Commercial primers against LGALS9, as well as IL6 and CD36,
TNF which have been shown to be elevated in monocytes of PAD patients were
used397:3%8  The expression levels were normalised to the 18S housekeeping gene

which is constitutively expressed.

As expected CD36 and TNF mRNA levels were increased in PAD patients compared
to the two healthy controls (Figure 11 A and B, respectively), however no significant
differences were found in IL6 mMRNA levels between the cohorts (Figure 11 C). While
LGALS9 mRNA is present in CD14* monocytes, no significant differences in LGALS9

MRNA between the three different cohorts were detected (Figure 11D).
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Figure 11: mRNA levels of CD36, TNFa, IL6 and LGALS9 in CD14* monocytes.
CD14* monocytes were isolated from whole blood of healthy young (HY), healthy aged
(HA) and peripheral arterial patients (PAD). RNA was isolated and converted to cDNA
before quantitative polymerase chain reaction analysis was performed using specific
primers against 18S, CD36 (A), TNF (B), IL6 (C) and LGALS9 (D). 18S were used as
housekeeping gene and the fold change of the AACT values of each individual were
plotted.N=6-8. Statistical significance was determined by performing a One Way
ANOVA test and Tukey's post hoc test or Kruskal-Wallis test if the data was not
normally distributed. * p < 0.05; ** p < 0.01
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3.2.2. Human monocytes express surface and intracellular Gal-9 protein

Gal-9 protein expression on monocyte subsets were determined using flow cytometry.
A viability dye was used to exclude dead cells from the analysis (Figure 12A). CD14
and CD16 were used as monocyte subset markers: CD14*CD16  cells were
considered classical monocytes (CL), CD14* CD16* cells as intermediate monocytes
(ITM) and CD14 CD16" cells as non-classical monocytes (NC) (Figure 12A). CCR2
(Figure 12B), CX3CR1 (Figure 12C) and MHC Class Il (Figure 12D) were initially used

as additional monocyte subset markers to confirm the gating strategy and subsets.

The highest levels of CCR2 expression were detected in classical monocytes, and the
lowest in non-classical monocytes. CX3CR1 levels showed the reverse pattern of
expression with lowest levels observed in CL and highest in NC. MHC Class I
expression were elevated in ITM pool compared to other subsets. Taken together, the
expression pattern of these additional markers confirmed that the gating strategy using

CD14 and CD16 did indeed validate the three monocyte subsets.
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Figure 12: Characterisation of monocyte subsets. Flow cytometric analysis was
used to characterise monocyte subsets in the PBMC fraction of whole blood from
healthy young donors. PBMCs were stained using antibodies against CD14 and CD16.
Antibodies against CCR2, CX3CR1 and MHC Class Il were used to confirm the applied
gating strategies. Only single, live cells were considered in the analysis. Classical
monocytes (CL) were considered to be CD14** CD16° CCR2** CX3CR1  MHC Class
II". Intermediate monocytes (ITM) are classified as CD14* CD16* CCR2" CX3CR1**
MHC Class II** cells. Non-classical monocytes (NC) are characterised as CD14
CD16** CCR2  CX3CR1** MHC Class II* cells. The median fluorescent intensity (MFI)
value of each sample was blotted. N=7-8. Statistical significance was determined by
performing a One Way ANOVA test and Tukey's post hoc test or Kruskal-Wallis test
with Dunn‘s post hoc test if the data was not normally distributed. *=p < 0.05; **=p <
0.01, ***=p<0.005; ****= p<0.001
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To investigate if glycans are involved in the presentation of Gal-9 on the surface of
monocytes, cells were incubated with the [3-galactose containing sugar lactose before
staining and analysis (Figure 13). Sucrose, a sugar of the same molecular weight as

lactose which does not contain galactose, was used as control for osmolality.

Here, it is shown that Gal-9 was present in all three monocyte subsets of healthy young
and that there are were no significant differences in surface or total Gal-9 levels
between the three monocyte subsets. Washing the cells in lactose or sucrose
containing solution also did not affect surface (Figure 13A) or total Gal-9 levels (Figure
13B) in all monocyte subsets. These observations were also confirmed by anti-Gal-9
labelled monocytes that were imaged using confocal microscopy: monocytes treated

with or without lactose both revealed the presence of Gal-9 protein (Figure 13C).

The surface (Figure 14 A) Gal-9 and total levels of Gal-9 (Figure 14B) also revealed
no significant differences in Gal-9 between monocyte subset or between HY, HA and

PAD patients. However, Gal-9 levels appear to be slightly decreased in NC monocytes.

In summary we have shown that LGALS9 mRNA as well as Gal-9 protein is present in
all monocyte subsets of HY, HA and PAD patients. However no significant differences
in MRNA or protein expression were found between cohorts, indicating a disease
independent regulation of Gal-9 expression in monocytes. Interestingly, we also
showed that, while lacking a traditional signalling peptide, the 3-galactoside binding
protein Gal-9 is presented in a glycan-independent manner on the monocyte surface.
This suggests that Gal-9 is bound to a novel binding partner on the monocyte surface

since the binding interactions between Gal-9 and its known binding partners such as
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CD44, CD45 and T-cell immunoglobulin and mucin-domain containing (TIM) 3 are

glycan dependent309-311,
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Figure 13: Endogenous, cell surface expression of Gal-9 on monocyte subsets.

Flow cytometric and immunofluorescent staining analysis were performed to determine
the endogenous surface levels of Gal-9 in monocyte subsets. PBMCs were isolated
from whole blood of young healthy donors, washed in PBS(-/-) containing 25 mM
lactose or sucrose and stained with antibodies for CD14 and CD16, to determine
classical (CL), intermediate (ITM) and non-classical (NC) monocytes, as well as Gal-9
(A). In order to determine total protein levels, the cells were permeabilised in the
presence of 25 nM lactose and sucrose before staining for Gal-9 (B). The median
fluorescent intensity (MFI) was determined and blotted for each donor. For

immunostaining, CD14* monocytes were isolated from PBMCs and cultured for 16 h
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before staining with anti-Gal-9 antibodies (C). Mounting medium containing DAPI was
used to visualise the nuclei before imaging via confocal microscopy. N=3-6. Statistical
significance was determined by performing a Two Way ANOVA test with a Tukey’s
post hoc test.
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Figure 14: Endogenous expression of Gal-9 on monocyte subsets from healthy
young, healthy aged and peripheral arterial disease patients. Flow cytometric
analysis was performed to determine the endogenous surface (A) and total levels (B)
of Gal-9 in monocyte subsets of from healthy young (HY), healthy aged (HA) and
peripheral arterial disease patients (PAD). PBMCs were isolated from whole blood of
HY, HA and PAD and stained with antibodies against CD14 and CD16, to determine
classical (CL), intermediate (ITM) and non-classical (NC) monocytes. Antibodies
against Gal-9 were used as well. In order to determine total Gal-9 levels, cells were
permeabilised before staining with antibodies against Gal-9. The median fluorescent
intensity (MFI) value of each sample was blotted. N=5-8. Statistical significance was

determined by performing a Two Way ANOVA test with a Tukey’s post hoc test.
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3.3. Characterisation of Gal-9 expression in macrophages

Macrophages can differentiate into different phenotypes depending on the tissue
environment32-314_|n vitro, most commonly, pro-inflammatory or M1 macrophages are
generated by treating macrophages with a mix of LPS and IFNy, while the anti-
inflammatory or M2 macrophage phenotype is generated by treating macrophages with
IL-4190, Considering previous reports of upregulation of Gal-9 in cells treated with pro-
inflammatory stimuli, potential differences in LGALS9 mRNA and protein expression
in response to pro- and anti-inflammatory polarisation were investigated. Therefore,
we generated macrophages from CD14* selected primary monocytes and treated them
with either LPS and IFNy or IL-4 for 24 h before gene and protein expression analysis
using gPCR and Western blot, respectively. The cell culture supernatants was also

collected to quantify released Gal-9 via ELISA.
3.3.1. LGALS9 mRNA is expressed in M1 and M2 macrophages

Transcript levels of CD80 (Figure 15A), CD86 (Figure 15B) and CD206 (Figure 15C)
were quantified via qPCR to confirm macrophage phenotypes and 18S was used as

housekeeping gene.

As expected, CD80 and CD86 mRNA were significantly increased in M1 macrophages,
while CD206 mRNA was significantly increased in M2 macrophages compared to
basal, MO macrophages. While the data is not statistically significant, LGALS9 levels
in M1 macrophages were increased compared to MO macrophages (Figure 15D). M2
macrophages showed similar LGALS9 levels to MO macrophages. However, the data
also showed a high degree of variation in Gal-9 levels between donors in response to

the various stimulants.
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Figure 15: Gal-9 expression in human monocyte derived macrophages.
Macrophages were cultured by incubating CD14* monocytes in autologous serum for
6 days before treating them with either LPS and IFNy or IL-4 for 24 h to generate pro-
inflammatory M1 or anti-inflammatory M2 macrophages respectively. Successful
phenotype generation was confirmed by determining levels of CD80 (A), CD86 (B) and
CD206 (C) mRNA via gPCR. LGALS9 mRNA levels were also determined by qPCR
(D). 18S was used as housekeeping gene and the fold change of the AACT values
were plotted. Total protein levels of Gal-9 were quantified by using western blotting(E).
Gal-9 expression was normalized to 3-tubulin levels and then normalized to levels of
untreated macrophages. Gal-9 released into the supernatant of the three macrophage
phenotypes were detected using ELISA (F). N=5-6. Statistical significance was

determined by performing a One Way ANOVA test and Tukey’s post hoc test.
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3.3.2. Gal-9 protein is expressed by M1 and M2 macrophages

Gal-9 protein levels were assessed by Western blot and normalised to tubulin levels.
While Gal-9 protein was detected in all three macrophage phenotypes, no significant
differences between them were observed (Figure 15E). Consistent with the mRNA
data, macrophages treated with LPS and IFNy had slightly elevated Gal-9 protein
levels compared to untreated macrophages and those treated with IL-4. Again donor

variation in Gal-9 levels was observed in all treatment conditions.

3.3.3. Gal-9 protein is secreted from M1 and M2 macrophages

Secreted Gal-9 was detected in the supernatant of the cultured macrophage
phenotypes using ELISA. While Gal-9 was detected in supernatant of macrophages in
all three conditions, no significant differences between the treatments were detected
(Figure 15F). However, IL-4 treated macrophages released slightly less Gal-9
compared to the other two phenotypes and similar to mRNA and total protein
expression, we also observed a great range in the amount of released Gal-9 between

donors.

In summary, we show here that macrophages express Gal-9 on mRNA and protein
level, particularly in pro-inflammatory environments. For the first time, we also show
that macrophages are a source of soluble Gal-9. These findings suggest that Gal-9

plays a role in modulation of inflammation induced by macrophages.

3.4.Characterisation of Gal-9 expression in endothelial cells

Several studies have reported an upregulation of Gal-9 transcript and protein

expression in endothelial cells cultured in pro-inflammatory conditions. For example,
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IFNy upregulates Gal-9 in a Histone deacetylase (HDAC) dependent manner in
HUVEC?3, while LPS treatment only upregulates LGALS9 mRNA without affecting
protein levels?®°. Furthermore, Poly I:C has also been demonstrated to increase Gal-9
expression in endothelium?8.2%0, However, neither of these studies revealed the
changes in expression over time. Here, the mRNA and protein levels of Gal-9 were
characterise in a time course study in HUVEC. HUVEC, isolated from umbilical cords
were treated with TNFa, IFNy in combination and alone or with TLR3 ligand Poly I:C
for 4, 8, 16, 24 or 48 h. Gal-9 mRNA was guantified with gPCR. Protein levels were

detected using flow cytometry and ELISA.

3.4.1. LGALS9 mRNA is upregulated by endothelial cells in inflammatory

environments

Primers for LGALS9, SELE, VCAM1 and ICAM1 were used. The latter three were used
to confirm the response to the various treatments of the endothelial cells as they are
known to be upregulated at different time points of the time course in response the

various stimulants.

The levels of SELE (Figure 16A), VCAM1 (Figure 16B) and ICAM1 (Figure 16C) were
all upregulated in response to inflammatory stimulation with peak expression
observed between 8 and 16 h while basal media and IFNy treatment did not
upregulate SELE, VCAM1 or ICAM1 mRNA. Furthermore, the gPCR analysis
revealed increased LGALS9 levels in HUVEC treated with IFNy, TNFa and IFNy and
Poly I:C (Figure 16D), with highest levels at 24 h and were significantly higher in
TNFa and IFNy and Poly I:C treated cells compared to untreated cells. The levels at

48 h have decreased back to levels similar to levels around 4 h. HUVEC only treated
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with medium and HUVEC treated with TNFa only did not reveal any changes in

LGALS9 levels compared to untreated cells.
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Figure 16: LGALS9 mRNA expression in Human Umbilical Vein Endothelilal
Cells. Human Umbilical Vein Endothelial Cells (HUVEC) were isolated from umbilical
cords, cultured and treated with pro-inflammatory stimulants TNFa, IFNy, TNFa and
IFNy or Poly I:C for 4-48 h. Successful activation of the endothelial cells was confirmed
by determining levels of SELE (A), VCAM1 (B) and ICAM1 (C) mRNA via gPCR.
LGALS9 mRNA levels were also determined by gPCR (D). 18S was used as
housekeeping gene and the fold change of the AACT values were plotted. N=3.
Statistical significance was determined by performing a Two Way ANOVA test and
Tukey’s post hoc test *= p<0.05, **= p<0.01, colour of * indicates significance of

treatment to basal level at same time point.
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3.4.2. Gal-9 protein is upregulated by endothelial cells in inflammatory

environments

To confirm increases in Gal-9 protein expression in HUVEC following pro-inflammatory
stimulation, treated HUVEC at 4, 8, 16, 24 and 48 h post treatment were analysed
using flow cytometry (Figure 17). Antibodies against Gal-9 were used as well as

against VCAM-1 and ICAM-1 to confirm activation of HUVEC.
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Figure 17: Gating strategy and representative histogram of flow cytometric
analysis of Gal-9 expression in endothelial cells. HUVECs treated with various
inflammatory stimuli were stained with anti-Gal-9, -ICAM-1 and -VCAM-1 antibodies
and analysed via flow cytometry. Single endothelial cells (ECs) were determined using
Forward and side scatter (FSC and SSC) as well as pulse width. The Median
fluorescent intensity (MFI) for the fluorescence of the respective antibodies was

plotted.
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Figure 18: Protein expression of HUVEC at different time points. HUVEC were
stimulated with pro-inflammatory stimuli for 4-48 h. Surface protein expression of
ICAM-1 (A) and VCAM-1 (B) were used to confirm activation of the endothelial cells.
Gal-9 expression was determined extracellularly after 4-48 h of treatment (C) and
intracellularly after 24 h of treatment (D). The median fluorescent intensity (MFI) value
of each sample was plotted. N=3. Two Way ANOVA was used to investigate
significance differences between treatments and time points while One Way ANOVA
was used to determine significance in intracellular Gal-9 levels between different

treatments. Tukey’s post hoc test was used for all.
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Consistent with the mRNA data, VCAM-1 (Figure 18 A) and ICAM-1 (Figure 18B) were
upregulated on the surface on HUVECs in response to treatment and confirmed
activation. VCAM-1 levels peaked at 16 h of TNFa, TNFa + IFNy or Poly |:C treatment.
ICAM-1 was consistently upregulated 16 h post TNFa, TNFa + IFNy or Poly I:C
treatment. While TNFa + IFNy or Poly I:C treatment further increased levels of ICAM-
1 at 24 and 48 h, TNFa treatment alone resulted in a decrease after 16 h. Both, VCAM-
1 and ICAM-1 protein expression was not induced in basal media or IFNy treatment
alone. The lack of significant differences is most likely due to the high variability

between donors and low n numbers.

Surface Gal-9 levels were upregulated in response to TNFa + IFNy or Poly I:C
treatment (Figure 18C). This increase continued up to 48 h post treatment. The
treatment of the endothelial cells with TNFa or IFNy alone did not upregulate surface
Gal-9 levels. Interestingly, both, TNFa or IFNy treatments did upregulated the
intracellular pool of Gal-9 levels after 24 h, while the combined treatment increased
this even further (Figure 18D). Poly I.C treatment also increased total Gal-9 levels 24

h post treatment both intra- and extracellularly (Figure 18C, D).

3.4.3. Activated endothelial cells secret Gal-9

Gal-9 is increased in serum or plasma of patients with various inflammatory diseases
such as RA and SLE, however the source of circulating Gal-9 remains unknown. Since
it was shown here that Gal-9 is released by pro-inflammatory macrophages and that
Gal-9 is increased in activated ECs, it was investigated whether endothelial cells are a

source of circulating Gal-9.
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The supernatant of HUVEC 4 and 24 h post treatment was analysed using ELISA. The
analysis shows that Gal-9 is released by HUVEC 24 h after treatment with IFNy , TNFa
+ IFNy and Poly I:C (Figure 19A). The treatment of HUVEC with basal media or TNFa
alone had no effect on the release of Gal-9 from these cells, which reflects the surface
expression patterns of Gal-9. This data suggests that the endothelium is a source of

circulating Gal-9 during inflammation.

In summary, here previous findings of endothelial Gal-9 expression on transcriptional
and translational level in inflammatory environments were confirmed. These findings
also showed that activated endothelial cells release soluble Gal-9 which suggests that
endothelial cells are a source of elevated circulating Gal-9 levels in patients with

inflammatory diseases.

3.5.Circulating Gal-9 levels are increased in patients with peripheral arterial

disease

Since various studies have shown increased circulating levels of Gal-9 in various
inflammatory diseases, Gal-9 levels in plasma from PAD patients were analysed and

compared to levels in healthy young and healthy aged controls using ELISA.

While Gal-9 was detected in plasma of all three cohorts (Figure 19B), no age-
dependent increase in circulating Gal-9 were detected. However, the levels were
significantly increased in PAD patients (Figure 19B), indicating a disease specific

increase in Gal-9 in circulation.
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Figure 19: Soluble Gal-9 is released from endothelial cells and found in human
plasma. HUVEC were stimulated with pro-inflammatory stimuli for 4 and 24 h (n=3).
The culture media was analysed for Gal-9 using ELISA (A). The Gal-9 content of
plasma from healthy young (HY), healthy aged (HA) and peripheral arterial disease
patients (PAD) was also detected using ELISA (n=9-12). Statistical analysis was
performed using Two Way ANOVA for (A) and One Way ANOVA for (B). Tukey’s post
hoc tests were performed; *=p<0.05. The colour of * in (A) represents the significant

difference in Gal-9 levels after TNFa +IFNy treatment.
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3.6.Discussion

Gal-9 is a member of the galectin family which has been previously reported to be
expressed by immune cells?33:311.315-317 and endothelial cells?14283.288-290 However, the
role of Gal-9 in modulating the inflammatory response has not been fully explored and
the source of soluble Gal-9 in circulation has not been established. In this chapter, we
have characterised Gal-9 expression in monocytes subsets, macrophages and

HUVEC and investigated Gal-9 levels in HY, HA and PAD patients.

It was demonstrated that unstimulated human monocytes, isolated from healthy whole
blood, express Gal-9. Despite surface expression of both proteins on all three major
monocyte subsets, CL, ITM and NC, each subset also had a intracellular pool of Gal-
9. Similar patterns of expression have been previously reported in other cell types,
such as endothelial cells and T-cells?4215294.297  The importance of surface versus
intracellular expression has been well documented as the different cellular localizations
of galectins can have different, and sometimes opposing, functions3'®. For example,
extracellular Gal-3 promotes cell death while intracellular Gal-3 inhibits apoptosis3!8.
In the context of human monocytes specifically, Matsuura et al. showed that
intracellular Gal-9 regulates genes of inflammatory cytokines such as IL-1a and -1f3 via
direct interaction with NF-IL6 in THP-1 cells, a monocyte cell line, while exogenous
Gal-9 had no impact on pro-inflammatory genes?®’. Similarly, Ma et al. showed that the
association of intracellular Gal-9 with TIM-3 induced a pro-inflammatory phenotype in
the presence of toll-like receptor (TLR) stimulation in THP-1 monocytes. It was
observed that intracellular ligation of Gal-9 with TIM-3 prompted the secretion of IL-12/

IL-23 in a STAT-3 dependent manner?'®. Interestingly, while these studies suggest a
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pro-inflammatory role of Gal-9 and studies have reported increases of Gal-9
expression in macrophages and endothelial cells in inflammatory conditions, no
increased mMRNA or protein Gal-9 levels in monocyte subsets from PAD patients
compared to healthy young or healthy aged individuals were detected. This indicates
that the expression of Gal-9 in monocytes is independent of disease or age.
Furthermore, NC and ITM monocytes trend towards a greater enrichment of surface
Gal-9 compared to CL monocytes. Additional studies are needed in order to determine
whether the differential expression of galectins amongst monocyte subsets impacts
their function. Further characterisation of the role of intracellular versus surface Gal-9

in monocytes is also required, particularly in the context of inflammatory diseases.

The data revealed that Gal-9 is also expressed and released by macrophages and is
upregulated in pro-inflammatory environments. These findings confirm previous
studies which demonstrated an upregulation of Gal-9 in LPS-treated murine Bone
marrow derived macrophages (BMDM)3%. These findings further corroborate reports
of the pro-inflammatory role of Gal-9. For example, the injection of exogenous Gal-9
into mouse knee joint has been reported to drive arthritogenicity by the increased
infiltration of monocytes into the joint®%%. Gal-9 deficient mice have also been shown to
have attenuated pathology in models of lung inflammation and addition of exogenous
Gal-9 to wildtype mice with endotoxic shock has been reported to increase the
incidence of mortality®!°. Furthermore, previously, decreased neutrophil and monocyte
numbers in Gal-9 deficient mice compared to wild type mice after i.p. injections of
zymosan have been reported3!®. However, the exact pathway mechanisms which are

responsible for the upregulation in Gal-9 still need to be investigated. Particularly
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whether intracellular Gal-9 expressed by pro-inflammatory macrophages is involved in

cytokine expression in a similar manner as it is in monocytes.

We also observed high variations in Gal-9 expression in monocytes and macrophages
between donors which did not coincide with gender or age. Further studies are required
to determine the possible causes for these variations, such as lifestyle. However,
culturing human monocyte derived macrophages (hMDMs) in autologous serum may
also give rise to variations due to differences in M-CSF levels in serum amongst

donors320,

Endothelial cells have also been described as a major source of galectins2!4:288-290,321,
Studies have previously demonstrated an upregulation of Gal-9 expression in
endothelial cells in response to pro-inflammatory stimuli. Here these findings were
confirmed and furthered by showing that Gal-9 mRNA and protein levels increase upon
stimulation and peak at 24 h post stimulation. These findings are in line with a study
by Imaizumi et al. which demonstrated a peak in endothelial Gal-9 mRNA expression
24 h after INFy treatment. However, while they also reported a peak in protein
expression, increased Gal-9 expression was only observed here when cells were
treated with a combination of TNFa and IFNy, rather than IFNy alone. Studies have
revealed that IFNy treatment increases Gal-9 expression in a HDAC 3-dependent
manner?'3, HDAC3 enables phosphoinositol 3-kinase (PI3K) interaction with IFN
response factor (IRF) 3 leading IRF3 phosphorylation, its nuclear translocation and
Gal-9 expression. Interestingly, a similar mechanism has been described for Poly I:.C
induced Gal-9 expression. Poly I:C-dependent Gal-9 expression is mediated through

TLR3, PI3K and IRF3%% while NFkB and p38 MAPK are not involved in Gal-9
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expression?, All of these results indicate that endothelial Gal-9 expression is induced
as antiviral, anti-proliferative, anti-tumour and immunomodulatory activity since IFNy,
TNFa and Poly I:C are immunomodulatory molecules involved in these functions?!4.
IFNy is produced by Twl cells which also upregulate the expression of proteins
involved in leukocyte adhesion such as IP-10 and fractalkine. TNFa is generated by
monocytes and macrophages during acute inflammation while Poly I:C is a double
stranded RNA molecule which is used to model RNA virus infections. Both upregulate
adhesion molecules such as ICAM-1 and VCAM-1 on endothelial cells. Since all of
these stimulants induce expression of proteins involved in leukocyte migration, a role

of Gal-9 in leukocyte migration may be postulated.

Increased levels of Gal-9 have been found in serum and plasma of patients with
inflammatory diseases such as SLE, large artery atherosclerotic stroke and rheumatoid
arthritis and increased levels have also been suggest as marker for disease
severity?39:292293  put the source of circulating Gal-9 remains unknown. Here it was
demonstrated that also peripheral arterial disease patients have increased circulating
Gal-9 levels. Furthermore, the data suggests that circulating Gal-9 stems from
activated vascular endothelial cells and potentially macrophages. Whether increased
levels of IFNy and TNFa in atherosclerotic plaques®?? and in circulation323324 contribute
to increased Gal-9 expression and a subsequent increase in circulating Gal-9 levels of
PAD patients is subject to further investigation. Gal-9 lacks a traditional signal peptide
and its release and presentation on the surface of cells are mostly unknown. Chabot
et al. have shown that Gal-9 released Jurkat T-cells was partly dependent on the
activity of matrix metalloproteinases and protein kinase C activity3'’. It can therefore

be hypothesized that the release of Gal-9 is through association with a carrier protein.
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The inability to elute surface Gal-9 from monocytes using lactose under basal
conditions further suggests that Gal-9 is associated with a protein on the cell surface
via protein-protein interactions. Whether this mechanism is also involved in the release
of Gal-9 from macrophages or endothelial cells requires further investigation.
Interestingly, so far the interactions between Gal-9 and its known binding partners such
as CD44, CD45 and TIM-3 have all been described as glycan dependent 311,325 309,310,
Therefore we suggest that further binding partners of Gal-9 exist and are required for

the surface presentation and release of Gal-9.

In summary, in this chapter we have shown that Gal-9 is expressed by monocytes,
macrophages and endothelial cells, particularly during inflammatory conditions. It is
also released by macrophages and activated endothelium, which suggests that these
cells are sources of increased Gal-9 levels in inflammatory diseases. However the

function of Gal-9 in inflammation requires further investigation.
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4. Chapter 4. Binding of exogenous Gal-9 to monocyte subsets

4.1.Rational

In the previous chapter the expression of Gal-9 by monocytes, macrophages and
endothelial cells was shown. Furthermore, it was demonstrated that circulating Gal-9
is present in plasma of healthy young and aged and is increased in patients with PAD.
In various studies, it has been shown that soluble Gal-9 can bind to and induce
activation of human primary neutrophils®'® as well as maturation of monocyte-derived
dendritic cells?33, Glycoproteins such as TIM-3, CD44 and CD45 have been
characterised as binding partners of Gal-9 on various cell types such as T-cells and B-
cells?98:311,315326 \while integrins are also known to interact with other members of the
galectin family327-331, However, the effect of Gal-9 binding to monocyte and

macrophages has not yet been fully characterised.

This chapter characterises the binding of Gal-9 to monocyte subsets of healthy young
and aged as well as PAD patients and investigates the effect of Gal-9 binding to
monocytes on selectins and integrins. Furthermore, known binding partners of Gal-9,
CD44, CD45 and TIM-3 as well as Glucosaminyl (N-Acetyl) Transferase 2 (GCNT2),
an glycosylation enzyme known to modulate glycans involved in Gal-9 binding in all
three donor cohorts were quantified. Additionally, the effect of exogenous Gal-9 on the

release of cytokines and chemokines from macrophages was investigated.
4.2.Monocytes bind exogenous Gal-9

Exogenous Gal-9 has been shown to induce activation or differentiation of various cell
types such as neutrophils and dendritic cells, but its role on monocytes remains

unknown. Here, binding of exogenous Gal-9 to monocyte subsets in HY, HA and PAD
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patients was characterised to establish whether there are age and disease specific
differences in Gal-9 binding. Furthermore, it was investigated whether Gal-9 binding to
monocytes is glycan dependent and the levels of known Gal-9 binding partners on

monocyte subsets of HY, HA and PAD patients were characterised.

4.2.1. Gal-9 binding to monocytes is glycan dependent

Gal-9 binding to monocytes was investigated by incubating PBMC isolated from whole
blood with 100 nM Gal-9 before analysing monocytes by flow cytometry using
antibodies against CD14, CD16 and Gal-9. Since Gal-9 is a glycan binding protein,
glycan dependent Gal-9 binding to monocytes was observed. Therefore, incubated
Gal-9 was incubated with lactose prior to the addition to PBMCs. Sucrose was used

as unspecific carbohydrate control.

We show here that soluble, exogenous Gal-9 binds to mixed monocytes since the MFI
of Gal-9 treated monocyte is significantly increased by approximately 17 fold compared
to basal, untreated monocytes (Figure 20A, B). Additionally, it was shown that the
binding of exogenous Gal-9 to mixed monocytes is glycan dependent since the
combined treatment of lactose and Gal-9 of monocytes significantly decreased the MFI
of Gal-9, while the combined treatment of sucrose and Gal-9 did not significantly
decrease the MFI compared to Gal-9 treated monocytes (Figure 20B). The same
trends were observed in all three monocyte subsets and no differences were observed

between them.
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Figure 20: Gal-9 is binding to monocytes in glycan dependent manner. Gal-9
binding to monocytes was investigated by incubating PBMC with Gal-9 in the presence
of lactose (Lac) or sucrose (Suc). Gal-9 levels on mixed monocytes after the incubation
period were analysed using flow cytometry (A, B; n=7). CD14 and CD16 were used to
determine classical (CL), intermediate (ITM) and non-classical (NC) monocyte
subsets. Gal-9 binding to monocytes of healthy young (HY), healthy aged (HA) and
peripheral arterial disease patients (PAD) was also determined (C, n=7). The median
fluorescent intensity (MFI) value of each sample was blotted. Statistical analysis was
performed using One Way ANOVA for (B) and Two Way ANOVA for (C) with the
respective post hoc tests. *= p<0.05; **= p<0.01; ***= p<0.005.
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4.2.2. PAD does not affect binding of Gal-9 to monocytes

Since it was previously shown that circulating Gal-9 levels are increased in the plasma
of PAD patients, Gal-9 binding to PBMC from PAD patients was compared to Gal-9
binding to PBMC from HY and HA. To address this, PBMCs were isolated from whole
blood of HY, HA and PAD patients and incubated with 100 nM Gal-9 before staining

with antibodies against monocyte subset markers CD14 and CD16 as well as Gal-9.

It was shown here that all monocyte subsets bind exogenous Gal-9. The MFI was
increased significantly compared to basal Gal-9 surface levels reported in Chapter 3
(Figure 20C). However, no significant differences in Gal-9 binding between monocyte

subsets or between the cohorts were detected (Figure 20C).

In summary, Gal-9 binds to all monocyte subsets in a glycan dependent manner.
However no differences in binding capacity were detected between healthy individuals
and PAD patients. This indicates that soluble Gal-9 binding is not disease dependent,

and therefore, the levels of Gal-9 binding partners are disease independent.

4.2.3. Gal-9 binding to monocytes induces changes in CD62L, CD11b and

CD18 levels

To investigate whether Gal-9 binding does induce monocyte activation, antibodies
against CD62L, CD11b, CD11c and the active conformation of CD18 were used to
analyse the respective protein levels on monocytes after incubation with soluble,
exogenous Gal-9 in the presence of Ca?* and Mg?*, which are required for integrin
activation33?. fMLP was used as positive control for monocyte activation to induce
CD62L shedding and an increase in integrin levels CD11b. Furthermore, lactose was

used to determine any glycan dependent changes.
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Gal-9 binding did not induce CD62L shedding to the same extent as fMLP treatment.
However, Gal-9 binding to monocytes caused a decrease in CD62L surface levels
(Figure 21A), which is considered an indicator of cellular activation. This Gal-9-induced
decrease in CD62L levels was also found to be glycan dependent since the effect was
blocked in the presence of lactose. Interestingly, levels of total CD11b and the active
conformation of CD11b, also indicators of monocyte activation, behaved in opposite
manners (Figure 21B and C). While total CD11b levels trended towards an increase
upon treatment with Gal-9 (Figure 21B), active CD11b decreased (Figure 21C). Both
of these observations were rescued in the presence of lactose. As expected, both, total
and active CD11b levels were increased when the cells were treated with fMLP. No
differences in CD11c levels were detected in Gal-9 or carbohydrate treated cells
(Figure 21D). However, a significant increase in CD11c was observed in fMLP treated

monocytes.

The active conformation of CD18, a further indicator of monocyte activation, was not
significantly affected by any of the treatments (Figure 21E). However, in the presence
of Gal-9 a trend towards decreasing CD18 levels were observed, which was rescued
in the presence of lactose, while fMLP treatment caused a slight increase in the active

conformation of CD18.

This Gal-9 induced trend towards a reduction in the MFI of active CD18 was apparent
in all three cohorts (HY, HA and PAD) (Figure 22A), while fMLP increased levels in all
three. CD62L was shed in all three cohorts in the presence of both, Gal-9 or fMLP,
indicating activation of monocytes (Figure 22B). However, the basal levels of CD62L
were lower in healthy aged and even lower in PAD patients compared to the healthy

young controls, indicating a more activated monocyte phenotype in PAD patients.
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Figure 21: Effect of Gal-9 binding to monocytes on selectins and integrins. Levels
of CD62L (A), CD11b (B), active CD11b (C), CD11c (D) and CD18 (E) on monocytes
were analysed via flow cytometry after incubation of PBMCs were incubated with Gal-
9 in the presence of PBS (+/+). Lactose was used to establish a glycan dependent
effect of Gal-9 binding. Antibodies against CD14 and CD16 were used to determine
classical (CL), intermediate (ITM) and non-classical (NC) monocyte subsets. fMLP
treatment was used as positive control for monocyte activation. The median
fluorescent intensity (MFI) value of each sample was blotted. N=5-7. Statistical
analysis was performed using One Way ANOVA with Tukey’s post hoc tests. *=
p<0.05; **= p<0.01; ***= p<0.005.
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Figure 22: Active CD18 and CD62L levels on monocytes of healthy young,

ook o o

MFI CD62L

healthy aged and peripheral arterial disease patients. PBMC of healthy young
(HY), healthy aged (HA) and peripheral arterial disease patients (PAD) were treated
with Gal-9 and active CD18 and CD62L levels were detected using flow cytometry.
CD14 and CD16 were used as monocyte markers. fMLP treatment was used as
positive control of monocyte activation. The median fluorescent intensity (MFI) value
of each sample was blotted. N=6-8. Statistical analysis was performed using Two Way
ANOVA with Tukey’s post hoc tests.
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In summary, it appears that Gal-9 induces shedding of CD62L and modulates integrin
levels in human primary monocytes of HY, HA and PAD patients. This suggests that
Gal-9 plays a role in monocyte activation, however the precise mechanisms involved

remain unknown.

4.2.4. Age and PAD do not affect CD44, CD45 and TIM-3 expression in

monocytes

Various glycoproteins such as CD44, CD45 and TIM-3 are known to bind Gal-
9215,298,311,315,326,333 Here their expression levels in monocytes subsets of HY, HA and
PAD patients was characterised. mRNA levels of Cd44 were determined using gPCR
and flow cytometric analysis of surface levels of CD44, CD45 and TIM-3 was

performed.

No significant differences were detected in Cd44 mRNA levels of CD14* monocytes or
CD44 protein levels in monocytes of donors from all three cohorts (Figure 23A). Also
no differences were detected in surface CD44 protein levels of all three monocyte

subsets (Figure 23B).

No differences in CD45 surface protein levels were found between monocyte subsets
of all three cohorts, however non-classical monocytes of PAD patients had significantly
higher CD45 levels compared to classical monocytes of PAD patients (Figure 23C).
The non-classical monocytes of HY and HA also trended towards increased CD45
levels compared to classical monocytes, however these observations were not

significant.
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Figure 23: Expression of Gal-9 binding partners CD44, CD45 and TIM-3 on
monocyte subsets of healthy young, healthy aged and peripheral arterial disease
patients. CD44 mRNA levels of CD14* monocytes from healthy young (HY), healthy
aged (HA) and peripheral arterial disease patients (PAD) were quantified by gPCR.
Protein levels of CD44, CD45 and TIM-3 on monocyte subsets were detected using
flow cytometry. Classical (CL), intermediate (ITM) and non-classical (NC) monocytes
were distinguished using CD14 and CD16 expression levels. The median fluorescent
intensity (MFI) value of each sample was blotted. N=6-11. Statistical analysis was
performed using One Way ANOVA for (A) and Two Way ANOVA for (B-D) with the

respective post hoc tests. *= p<0.05
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No significant differences were observed in TIM-3 surface levels either, neither
between monocyte subsets nor between cohorts (Figure 23D). However, while not
significant, all three cohorts appeared to have slightly increased TIM-3 levels in the

intermediate monocyte subset.
4.2.5. Age and PAD do not affect GCNT2 mRNA levels in monocytes

A previous study showed that GCNT2 regulates Gal-9 binding to B-cells by inducing
changes in the glycosylation of B-cells. It catalyses the formation of I-branched N-
glycans which inhibit Gal-9 binding3!. We therefore investigated whether this enzyme

is expressed in CD14* monocytes of all three cohorts, HY, HA and PAD.

gPCR measurements using GCNT2 primers revealed GCNT2 mRNA expression in
monocytes. However, no significant differences in the Gent2 mRNA levels of CD14*

monocytes of all three cohorts were found (Figure 24).

The analysis of Gal-9 binding partners CD44, CD45 and TIM-3 as well as GCNT2
MRNA in monocytes of HY, HA and PAD patients revealed no differences in
expression between these cohorts. These findings corroborate findings earlier in this
chapter which showed no differences in the binding capacity of monocytes from the

three cohorts.
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Figure 24: GCNT2 mRNA levels on monocyte healthy young, healthy aged and
peripheral arterial disease patients. GCNT2 mRNA levels of CD14* monocytes
isolated from blood of healthy young (HY), healthy aged (HA) and peripheral arterial
disease patients (PAD) were quantified by gPCR and normalised to 18S mRNA levels.
N= 6-8. Statistical analysis was performed using One Way ANOVA with Tukey’s post

hoc tests.
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4.3.Exogenous Gal-9 induces release of chemokines from macrophages similar to

M1 macrophages

Previous studies have shown a immunomodulatory effect on myeloid cells by Gal-9,
therefore its effect on macrophages was investigated. In order to analyse the effect of
Gal-9 on the cytokine and chemokine profile released by CD14* monocyte derived
macrophages, macrophages were treated with LPS and IFNy or IL-4 to generate M1
and M2 macrophages, respectively, in the presence of absence of Gal-9. After 24 h,
the supernatant was harvested and analysed for cytokines and chemokines using a

cytokine array.

The heat map shows the relative levels of cytokines and chemokines released by
macrophages (Figure 25). Exogenous Gal-9 induced the release of chemokines and
cytokines similar to M1 macrophages. Pro-inflammatory cytokines such as IL-6 and
TNFa were upregulated as well as IL-8, MIP, CCL5, CXCL1, CXCL10 and 11. The
combined treatment of LPS and IFNy with Gal-9 did not increase the cytokine release.
Interestingly, while M2 macrophages do not release these chemokines and cytokines,
macrophages treated with a combination of IL-4 and Gal-9 also released these to a

similar extend as Gal-9 or LPS and IFNy treated macrophages.

These data indicate that Gal-9 has the capacity to promote local inflammation via the

release of pro-inflammatory cytokines and chemokines.
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CD14*
macrophages were treated for 24 h with either LPS (100ng/ml) and IFNy (20 ng/ml) or

monocyte derived

IL-4 (20 ng/ml) to generate M1 or M2 macrophage phenotypes respectively in the

presence or absence of Gal-9 (100 nM). The supernatant of four separate cultures

were then pooled and analysed for released cytokines and chemokines using a

cytokine array (A). Their relative levels are represented as heat map (B).
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4 .4.Discussion

In this chapter it was shown that soluble, exogenous Gal-9 binds to all human
monocyte subsets in a glycan-dependent manner and induces changes is CD62L,

CD11b and CD18 levels.

Increased soluble Gal-9 in circulation has been suggested as an indicator of disease
severity?®® and soluble Gal-9 has also been shown to mediate inflammation. For
example, Gal-9 treatment of dendritic cells causes the release of TNFa?®® and IL-1B
and IL-6 production in myeloid derived suppressor cells??°. Here, the understanding of
the role of soluble Gal-9 in vitro was expanded by showing that levels of CD62L trend
towards a decrease and total CD11b levels trend towards an increase in monocytes
while inducing the release of a pro-inflammatory cyto- and chemokine profile from

macrophages.

CD62L shedding is induced in monocytes by a wide range of agents such as fMLP,
PMA or LPS and it was shown here, that CD62L levels are decreased in monocytes of
PAD patients compared to the healthy controls. This confirms previous studies in other
pathologies such as cancer33** , COPD33, IBD33¢ and hypertriglyceridemia3®”:337 which
have reported decreased CD62L levels in leukocytes. Sheddases such as A disintegrin
and metalloprotease 17 (ADAM17) are known to cleave off the extracellular part of
CD62L. While ADAM17 induced-CD62L shedding is required for transendothelial
migration of neutrophils, studies in chimera models of Adam17** an Adam177 mice
have suggested that ADAML17 is not required for monocyte transendothelial migration
into the peritoneum33, However, other in vitro studies have shown that the use of broad

range metalloproteinase inhibitors prevent the transendothelial migration of monocytes
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under static and flow conditions, suggesting that not just ADAM17 plays a role in
CD62L shedding, resulting in the transmigration of monocytes33-341, While it has been
previously reported that Gal-9 induces CDG62L shedding in primary human
neutrophils3!®, the exact mechanisms of Gal-9 mediated CD62L shedding are still
unknown. No proteolytic properties have been described for Gal-9 or any other
galectins, therefore it is unlikely that Gal-9 cleaves CD62L itself. Whether Gal-9 acts
as inducer of one or multiple of these sheddases and therefore reduces CD62L levels

or whether Gal-9 acts in a different way requires further investigation.

Increases in CD11b levels have also been reported during inflammation and as marker
of cellular activation it was previously shown that Gal-9 increases CD11b levels in
neutrophils3!®. Here these findings were expanded by demonstrating increases in total
CD11b on monocytes treated with fMLP or Gal-9, further indication that Gal-9 induces

monocyte activation.

Changes of extracellular conformation of integrins and their clustering have both been
demonstrated to be modulators of integrin adhesion34?344, These conformational
changes to active conformations induce high affinity to their ligands34°, enabling them
to bind to adhesion molecules on the endothelium such as VCAM-1?4. Cytoplasmic
proteins kindlin and talin are recruited to the cytoplasmic tail of integrins during
activation which leads to the opening of the extracellular integrin domains36. Several
studies have reported the upregulation of total R2 integrin®” in monocytes of PAD
patients and increased CD11b/CD18 in patients with unstable angina3¥’, as well as
CD11c, Mac-1 and LFA-1 in patients with myocardial infarction*>348, Interestingly, no
increased levels of the active conformation of CD18 the second integrin subunit of

Mac-1, in PAD patients compared to the healthy control cohorts were detected. Also,
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due to the previously observed signs of monocyte activation after Gal-9 treatment,
increased levels of active conformations of CD11b and CD18 were expected.
However, contrary to these expectations, the active conformations of CD11b and CD18
only increased with fMLP treatment but decreased in the presence of Gal-9. These
data suggest that Gal-9 alone cannot induce complete monocyte activation, but
initiates the process while another substrate is required for full activation. Whether this
is another protein or whether this process is mechanosensitive and requires shear
stress needs further investigation. Another possibility for the decreased MFI in active
CD18 could be that Gal-9 directly interacts with Mac-1 integrins and therefore obstructs
the access of the antibody to its epitope on CD18. While no studies have reported
direct interactions of Gal-9 and integrins yet, other galectins are known to interact with
various integrins3?7.329-331 For example Gal-8 has been identified as the B2 integrin
LFA-1 binding partner which inhibits the interaction of PBMC with immobilised ICAM-
1 under static conditions®?°. Whether a similar interaction between Gal-9 and R2
integrins is occurring and its effects on monocytes, particularly on monocyte migration,

requires further investigation.

Interestingly, known binding partners of Gal-9 such as CD44, CD45 and TIM-3 were
found on all monocyte subsets, but no differences in the surface protein levels of these
Gal-9 binding partners in either of the cohorts were detected. This could also explain
why no differences in the amount of bound Gal-9 between the cohorts or between the
monocyte subsets were found. Gal-9 is also known to bind glycans on glycoproteins
rather than interact with the protein itself. Additionally, inflammatory diseases can alter
the glycan profile of cells®*%3%, Here it was shown that Gal-9 binds to monocytes in a

glycan-dependent manner, but whether changes in the glycan profile of PBMCs of PAD
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patients facilitates enhanced capture by Gal-9 remains unknown. Therefore, GCNT2
MRNA levels, coding for an enzyme involved in the formation of elongated linear N-
glycans, which are known to reduce Gal-9 binding3!! were measured. However, no
differences in mMRNA expression of this glycosidase have been detected. Further
investigations on a translational level of this enzyme and also other enzymes involved
in glycosylation of proteins may provide a better insight into potential PAD specific
changes in enzyme protein levels which could impact the glycosylation of Gal-9 binding

partners.

Further indication of a pro-inflammatory role of exogenous Gal-9 was the release of
pro-inflammatory cytokines by Gal-9 treated macrophages. Previous studies have
revealed similar effects in other myeloid cells: for example, Gal-9 treatment of dendritic
cells causes the release of TNFa2%8 and IL-1B and IL-6 production in myeloid derived
suppressor cells??®, Additionally, it was shown here that soluble Gal-9 has the potential
to alter anti-inflammatory signals: Gal-9 treatment of macrophages overrode the IL-4
induced anti-inflammatory M2 phenotype and promotes the release of a pro-
inflammatory cytokines and chemokines associated with M1 phenotype3>. This
suggests that not only intracellular Gal-92°7 but also exogenous, soluble Gal-9 can act
in a pro-inflammatory manner on macrophages. Whether the presence of Gal-9 in
plaques can prevent IL-4 signalling necessary for plague regression!® or whether its
downregulation is required for resolution of inflammation and regression of plaques

requires further validation.

In summary, in this chapter it was shown that glycan-dependent Gal-9 binding to
monocytes potentially induces monocyte activation and induces a pro-inflammatory

phenotype in macrophages. This may contribute to the pro-inflammatory milieu during
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inflammation. It was hypothesised that 32 integrins are a potential binding partner of
Gal-9 on monocytes. Whether this interaction also modulates monocyte adhesion
requires further investigation. Additionally, more experiments are also required to
determine whether the increased circulating levels of Gal-9 found in PAD patients
described in Chapter 3 contribute to the inflammatory milieu and increased activation
of monocytes in circulation. The vascular endothelium holds potential as source given
the endothelial dysfunction and increased levels of circulating cytokines (including IFN-
y) associated with PAD 323352 However, it remains to be determined whether also
macrophage-derived Gal-9 can act in an autocrine and/or paracrine manner to induce
the pro-inflammatory phenotype. Furthermore, it is also required to characterise the
role of Gal-9 within the atherosclerotic plaques and whether it contributes to the pro-

inflammatory milieu within progressing plaques.
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5. Chapter 5: Effects of Gal-9 on monocyte trafficking
5.1.Rational

Leukocyte migration is regulated by many known proteins such as selectins, integrins
and adhesion molecules®. Each protein has a very distinct function in the cascade of
leukocyte migration. Selectins such as L- or E-selectin interact with glycans on proteins
such as PSGL-1 resulting in transient binding which mediates capture and rolling®.
Integrins such as LFA-1 or Mac-1 facilitate crawling and adhesion through their
interaction with adhesion molecules such as ICAM-1 or VCAM-18. However, not all

molecules involved in this cascade and their precise roles are known.

Gal-9 has previously been shown to modulate leukocyte trafficking in a range of in vitro
and in vivo studies?%5:288301315353  Eor example, Gal-9 treatment of monocytes,
lymphocytes and neutrophils increased their adhesion to HUVEC in vitro2%%, while the
injection of Gal-9 into mouse knees increased the number of monocytes recruited
locally into the joint3°1, Additionally, it has previously been shown that Gal-9 acts as
capture and adhesion molecule on neutrophils in a 32-integrin dependent manner in
vitro while neutrophil and monocyte recruitment into the peritoneum of Gal-9 deficient
mice was reduced after zymosan injections 31°. Furthermore, the data from Chapter 3
and 4 shows that Gal-9 is upregulated on the surface of endothelial cells in
inflammatory environments while exogenous Gal-9 induces activation of monocytes
and macrophages. However, the precise role of Gal-9 in monocyte migration remains

unknown.
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This chapter describes the characterisation of the role of Gal-9 in monocyte capture,
adhesion and migration in vitro. Furthermore, the basal (homeostatic) migration of
leukocyte subsets into various tissues in C57BL6 wild type and Gal-9 deficient C57BL6
(Gal-97) mice is characterised and the role of exogenous Gal-9 in zymosan induced

peritonitis in C57BL6 mice is analysed.

5.2.Recombinant Gal-9 facilitates capture and adhesion of PBMC under

physiological flow

In order to assess the role of Gal-9 in leukocyte migration, flow based adhesion assays
were performed. The flow based adhesion assay allowed direct measurement of
recruitment of leukocyte subsets in a tightly controlled system by perfusing PBMC and
CD14* monocytes over channels coated with recombinant Gal-9 using physiological

levels of flow.

5.2.1. PBMC of healthy young, healthy aged and PAD patients adhere to Gal-9
under physiological flow

Here the actions of Gal-9 on capture and adhesion of leukocytes from HY, HA and
PAD patients were observed to determine disease specific differences in leukocyte
recruitment to Gal-9 under flow conditions.
PBMCs isolated from whole blood of HY, HA and PAD patients were perfused over
immobilised recombinant Gal-9 and adhesion and spreading of monocytes were
quantified. 0.1 Pa was used as wall shear stress as this resembles physiological flow
conditions in post capillary venules. The number of adherent cells was calculated as
the sum of stationary phase bright cells and phase dark cells. The percentage of phase

dark cells represented the percentage of spread/activated cells.

116



For the first time, it is shown here that Gal-9 captures PBMC under flow conditions
(Figure 26A). Interestingly, no rolling was observed. Cells adhered immediately after
capture and began to spread as indicated by turning phase dark. No differences in the
adhesion of PBMCs between HY and HA were observed. However, significantly more
PBMCs of PAD patients adhered to immobilised Gal-9 compared to PBMCs from HY
or HA donors (Figure 26B).

To quantify firm adhesion, spread cells were represented as percentage of the total
number of adherent cells. PBMCs of each cohort started spreading during the recorded
time period of the experiment (Figure 26A). There were no significant differences in
percentage of spread cells between HY and HA donors while there was a significant
disease-dependent increase in the percentage of spread cells (Figure 26C).
Bisbenzamide nuclear staining of the adherent cells showed that the majority of spread
cells appeared to be monocytes (Figure 26D), based on the shape of the nuclei.
Diseases can affect the percentage of circulating leukocyte subsets®92, To determine
whether PAD patients had a higher percentage of monocytes in their PBMC which
could explain the increased percentage of spread cells, the percentage of CD14*
monocytes in PBMC were quantified (Figure 27A). No significant differences in

percentage of CD14* monocytes were found between the three cohorts (Figure 27B).
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Figure 26: Gal-9 acts as capture and adhesion molecule for PBMC of healthy

young, healthy aged and peripheral arterial disease patients. PBMC isolated from
blood of healthy young (HY), healthy aged (HA) and peripheral arterial disease patients
(PAD) were perfused over immobilised recombinant Gal-9 at a wall shear stress of 0.1
Pa (A-C). The number of adherent cells (A) and percentage of phase dark cells (B)
were blotted. Bisbenzamide nuclear staining was used to determine the morphology of
the nuclei of the adherent cells after perfusion (D). N=5-7. Statistical analysis was

performed using One Way ANOVA with the Tukey’s post hoc test. *= p<0.05.
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Figure 27: Quantification of CD14" monocytes in PBMC samples from healthy
young, healthy aged and peripheral arterial disease patients. PBMC isolated from
blood of healthy young (HY), healthy aged (HA) and peripheral arterial disease patients
(PAD) were analysed for their surface expression of these proteins was quantified
using flow cytometry (A). CD14+ CD16+ cells were classed as monocytes and their
percentage was blotted (B). N= 8-11. Statistical analysis was performed using One
Way ANOVA with Tukey’s post hoc test.
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5.2.2. Gal-9 induces monocyte capture and adhesion

Monocyte migration is a key factor of atherogenesis’1113.1723% and since Gal-9 acts as
capture molecule for PBMC in a peripheral arterial disease-dependent manner, Gal-9
mediated monocyte capture and adhesion was investigated. CD14* monocytes were
isolated from blood of HY donors and perfused over various concentrations of
immobilised Gal-9 at 0.1 Pa wall shear stress. Adhesion and spreading were

quantified.

Like PBMCs, CD14* monocytes were captured and adhered immediately without
rolling on all concentrations of immobilised Gal-9 (Figure 28A). The highest numbers
of adherent cells were observed at 20 pg/ml and reduced with increasing concentration
of Gal-9 (Figure 28B). Interestingly, over 90 % of CD14* monocytes spread and
adhered firmly to Gal-9 throughout the duration of flow, independent of the

concentration (Figure 28C).
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Figure 28: Quantification of CD14* monocytes adhesion to immobilised Gal-9
under flow conditions. CD14* monocytes isolated from blood of healthy young (HY),
healthy aged (HA) and peripheral arterial disease patients (PAD) were perfused over
different concentrations of immobilised Gal-9 at 0.1 Pa wall shear stress (A). Adhesion
(B) was defined as the total number of adherent cells (Phase bright and phase dark)
while spread cells (phase dark cells) were expressed as the percentage of adherent
cells (C). N=5-6. Statistical analysis was performed using One Way ANOVA with
Tukey’s post hoc test; *=p<0.05, **=p<0.01.
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5.2.2.1. Capture and adhesion of monocytes by Gal-9 is glycan dependent

Gal-9 is a 3-galactoside binding protein and having shown that its binding to monocytes
in solution was glycan dependent, therefore the role of glycans in CD14* monocyte
binding to Gal-9 under flow conditions was examined. 20 pg/ml immobilised Gal-9 were
blocked with 25 mM lactose, a galactose containing sugar, prior to perfusion with
CD14* monocytes. Incubation of 20 pg/ml Gal-9 with 25 mM sucrose, a non-galactose
containing sugar with the same molecular weight as lactose, was used as non-specific

glycan control.

Consistent with data presented in Chapter 4, Gal-9 capture of CD14" monocytes under
flow conditions was also glycan dependent (Figure 29), evident through the
significantly reduced number of adherent CD14* cells to lactose-blocked Gal-9 (Figure
29B). The number of adherent cells was reduced by 90% in the lactose treated sample

compared to untreated or sucrose-treated Gal-9.
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Figure 29: Quantification of glycan dependent adhesion of CD14* monocyte to
immobilised Gal-9 under flow conditions. CD14* monocytes isolated from blood of
healthy young were perfused at 0.1 Pa wall shear stress over immobilised Gal-9 which
was blocked with lactose or sucrose (A) . Adhesion (B) was defined as the total number
of adherent cells (Phase bright and phase dark) and normalised to the number of
adherent cells to Gal-9. N=3. Statistical analysis was performed using One Way
ANOVA with the Tukey’s post hoc test; *=p<0.05, ****=p<0.001.

5.2.2.2. Capture and adhesion of monocytes by Gal-9 is R2-integrin

dependent
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Integrins are an integral part of monocyte adhesion and are known to bind to members
of the Ig superfamily® and we have also shown in Chapter 4, that Gal-9 affects R2
integrins on monocytes. To investigate whether there is a direct interaction between
Gal-9 and R2 integrin and if this plays a role in Gal-9 mediated CD14* monocyte
adhesion, CD14* monocytes were incubated with a blocking anti-CD18 antibody 355356

prior to perfusion over Gal-9.

Incubation of CD14* monocytes with a blocking anti-CD18 antibody reduced capture
and adhesion to immobilised Gal-9 by approximately 90% compared to untreated
CD14* monocytes or CD14* monocytes treated with the isotype control, indicating a

role of the 32 integrin subunit in Gal-9 mediated adhesion (Figure 30A and B).

In summary, recombinant immobilised Gal-9 was shown to capture CD14* monocytes
under flow conditions and induce cell spreading, a sign of cellular activation.
Furthermore, Gal-9 mediated capture is glycan and 32 integrin dependent and PBMC
from PAD patients are captured in an increased manner. These data propose Gal-9 as
novel monocyte capture and adhesion molecule which may play a role in monocyte

migration contributing to atherogenesis.
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Figure 30: Quantification of CD18 dependent adhesion of CD14* monocyte to
immobilised Gal-9 under flow conditions. CD14* monocytes isolated from blood of
healthy young were incubated with anti-CD18 antibody or the appropriate isotype
before they were perfused over immobilised Gal-9 at 0.1 Pa wall shear stress (A) .
Adhesion (B) was defined as the total number of adhered cells (Phase bright and phase
dark) and normalised to the number of untreated adherent cells to Gal-9. N=3.
Statistical analysis was performed using One Way ANOVA with the Tukey’s post hoc
test; *=p<0.05, ***=p<0.001

125



5.3. Endothelial Gal-9 is required for monocyte adhesion

After establishing recombinant Gal-9 as capture and adhesion molecule, the role of
endothelial Gal-9 in monocyte trafficking was explored. Gal-9 was knocked down in
HUVECS using siRNA before treating them with Poly I:C, which is known to upregulate

endogenous Gal-9289.290,315,

Successful knock down of intracellular and surface Gal-9 in activated HUVECs was
confirmed by flow cytometry. Expression of ICAM-1, as a marker of activation, was

also measured.

Flow cytometric analysis of endothelial cells post transfection showed that ICAM-1
levels were significantly increased after 24 h of Poly I.C treatment (Figure 31A). No
significant differences in ICAM-1 expression were found in endothelial cells treated
with the different siRNA conditions, confirming endothelial activation and showing that
the siRNA treatment had no effect on ICAM-1 expression. The flow cytometric
measurements also showed that extracellular Gal-9 was upregulated in response to
Poly I:C stimulation of HUVECSs treated with no siRNA or control sSiRNA compared to
the unstimulated controls (Figure 31B). There was a significant increase in extracellular
Gal-9 in stimulated, compared to unstimulated, Gal-9 siRNA treated endothelium.
However, there was significantly less Gal-9 surface expression in stimulated HUVECS
transfected with Gal-9 siRNA compared to ctrl SIRNA treated cells. Intracellular Gal-9
levels were also significantly reduced by about 75 % (Figure 31C) by Gal-9 siRNA
treatment compared to control siRNA treatment 24 h after stimulation with Poly I.C,

confirming successful Gal-9 knockdown.
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Figure 31: Quantification of ICAM-1 and Gal-9 expression of HUVEC after
treatment with Gal-9 siRNA. HUVEC were treated with Gal-9 or control siRNA and
then stimulated with 20 pg/ml Poly I:C. Extracellular ICAM-1 (A) and Gal-9 (B)
expression were determined by flow cytometry. Extracellular and total Gal-9 levels
were compared by also permeabilising Poly I:C treated cells before flow cytometric
analysis (C). N=3-5. Statistical analysis was performed using Two Way ANOVA with
the Tukey’s post hoc test; *=p<0.05.
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The effect of endothelial Gal-9 on monocyte recruitment was determined by perfusing
CD14* monocytes over stimulated endothelial cells transfected with either control or
Gal-9 siRNA at a wall shear stress of 0.05 Pa. The number of adherent CD14*

monocytes in addition to the percentage transmigrated was quantified.

Perfused monocytes adhered to endothelial cells transfected with control siRNA as
well as Gal-9 siRNA (Figure 32 A), however, there was a 25 % reduction in number of
adherent CD14* monocytes to HUVEC transfected with Gal-9 siRNA compared to ctrl
siRNA (Figure 32B). No difference in the percentage of transmigrated CD14*

monocytes was observed throughout the time of the experiment (Figure 32C).
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Figure 32: Quantification of CD14* monocyte adhesion and transmigration Gal-
9 expression of HUVEC after treatment with Gal-9 siRNA. HUVEC were treated
with Gal-9 or control siRNA and then stimulated with 20 pg/ml Poly I:C. CD14*
monocytes of healthy young donors were perfused over the stimulated cells at 0.05 Pa
wall shear stress (A). The number of total adherent monocyte to Gal-9 siRNA treated
HUVEC was normalised to the number of adherent monocytes to ctrl SIRNA treated
HUVEC (B). The number of transmigrated cells was expressed as percentage of total
adherent cells (C). N=3. Statistical analysis was performed using student’s t-test;
*=p<0.05.
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5.3.1. Endogenous Gal-9 does not affect leukocyte migration under
homeostatic conditions

Since it was established in vitro that exogenous Gal-9 modulates leukocyte migration
and various models of inflammation have also demonstrated a role for Gal-9 in
leukocyte migration, the impact of endogenous Gal-9 on leukocyte trafficking in vivo
under homeostatic conditions was assessed. To address this, fluorescently conjugated
anti-CD45 antibody was injected i.v. into C57BL6 (WT) mice or Gal-97 mice to label
circulating CD45* cells and track their migration into tissue. After one hour post
injection, mice were sacrificed and various tissues were collected to analyse leukocyte

subsets in these tissues using flow cytometry (Figure 33 and 34).

Firstly, the total cell numbers of each leukocyte subset (CD45i.v.* and CD45i.v.”
combined) between wild type (WT) and Gal-97 mice were determined, which show that
there were significantly more neutrophils in circulation and in the bone marrow of Gal-
97 mice compared to WT mice (Figure 35). No significant differences in cell numbers
of any other leukocyte subsets in any tissue were found between WT and Gal-97- mice.
However, significant differences in the number of cells in different leukocyte
populations were found between different tissues. For example, as expected, CD4*
and CD8* T cells were the predominant cell types in the spleen, whereas monocytes
(Ly6CM and Ly6C'*") and neutrophils were the most common cell types in whole blood
and bone marrow and lung tissue (Fig. 35). No significant differences between WT and

Gal-97- mice in CD45i.v.* cells in any of the tissues were detected (Table 6).
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Figure 33: Gating strategy for myeloid cells in leukocytes isolated from tissues
of C57BL6 and Gal-97 mice at homeostatic conditions. Leukocytes were selected
using forward and side scatter (FSC and SSC). Single cells were identified by using
FSC and pulse width before identifying living cells as ZombieAqua- cells. CD45 was
used as general leukocyte marker before these CD45* cells were split up into in vivo
stained CD45i.v.* and CDA45i.v- cells. These populations were then analysed for
myeloid cell subsets. Macrophages and Neutrophils were classified as F4/80*" and
Ly6G™* cells respectively, while Eosinophils and monocytes were classified as Ly6G-
cells. While eosinophils were defined as Siglec F* cells, Monocytes were divided up
into Ly6Clo and Ly6Chi subsets.
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Figure 34: Gating strategy for lymphoid cells in leukocytes isolated from tissues
of C57BL6 and Gal-97 mice at homeostatic conditions. Leukocytes were selected
using forward and side scatter (FSC and SSC). Single cells were identified by using
FSC and pulse width before identifying living cells as ZombieAqua- cells. CD45 was
used as general leukocyte marker before these CD45* cells were split up into in vivo
stained CD45* and CD45- cells. These populations were then analysed for lymphoid
cell subsets. T-cells were defined as CD3" CD4* or CD3* CD8* cells and further
analysed for activation by determining the expression of CD25*. Natural Killer cells
were defined as CD3" NK1.1* cells.
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The data further reveals that only a very small percentage of leukocytes were labelled
with CD45-antibody (CD45iv*) one hour after injection (Table 7). No significant
differences in percentages of CD45i.v.* cells between WT and Gal-97 mice were
detected in any leukocyte subset in any of the tissues. However, there was a significant
difference in the percentage of circulating CD45i.v." neutrophils. Gal-97 mice had a
significantly higher percentage of circulating neutrophils compared to WT mice. No
significant differences were detected in any of the other circulating CDA45i.v.
leukocytes subsets. Analysis of the percentage of the different CD45i.v.” leukocyte
subsets in the bone marrow revealed no significant differences between WT and Gal-
97 mice. Significant differences between WT and Gal-97 mice were found in the
percentage of CD45i.v-, CD8" cells in spleen, while CD4* and NK cells also trended
towards a decreased percentage in Gal-9” mice. In lung tissue, no significant
differences between WT and Gal-97- mice were found in any of the CD45i.v.” leukocyte
subsets. However, the Ly6C'° monocyte population in the lungs of Gal-97- mice were
trending towards a lower percentage than those in WT mice. In liver tissue, CD4" cells
were the only CD45i.v.” subset which showed a significant difference between the two
mouse strains: Gal-97- had a significantly smaller percentage of CD4* cells in the liver
than WT mice. While the percentage CD45i.v.” CD8" cells also appeared to be lower

in the lungs of Gal-97- mice, the difference is not quite significant.
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Figure 35: Leukocyte populations in tissues isolated from C57BL6 and - mice.
Leukocytes were isolated from whole blood, bone marrow, spleen lung and liver of
three C57BL6 (WT) and three Gal-97- (KO) mice. The distribution of leukocyte
populations within these tissues was analysed using flow cytometry. N=3. Statistical
significant differences in the distribution of leukocyte subsets between the two mouse
strains were calculated using Two Way ANOVA with Tukey’s post hoc test. **= p<0.01;
= n<0.001.
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Table 6: Total number of migrated leukocyte subsets in WT and Gal-97- mice

under basal conditions. WT and Gal-97- mice were injected with fluorescent CD45*

antibodies i.v. (CD45i.v.). 1 h post injection, leukocytes from different tissues were

isolated and stained with antibodies against various leukocyte subset markers for flow

cytometric analysis. The number of cells per subset were acquired using counting

beads. Each value is the average cell number from three mice. Statistical analysis was

performed by using Two Way ANOVA with Tukey post hoc test.

CD45i.v." CD45i.v.”
WT Gal-9” WT Gal-9”

\évlr;%lg Mean SD Mean SD Mean SD Mean SD
Eosinophils 233,6 125,1 1057,0] 1131,9 654,7 294,2 27241 3352,8
Macrophages| 1346,7] 12054 2162,6 1377,8 2345,00 2186,9 4584,1 1417,2
Monocytes
Ly6Clo 1833,0f 1182,6)] 4503,6 3057,1 11032,5| 7906,7 12916,00 4294,7
Monocytes
Ly6Chi 1188,5( 685,2] 2835,1] 3092,1 3789,9] 2576,1 8892,7 6357,8
Neutrophils 307,2 162,0] 3688,9] 4353,9] 22675,4] 10333,2] 135460,9 54409,0
CD4" 692,3] 428,6 1843,6 1606,1 8063,8] 3662,9 16720,3] 12959,9
CD4" CD25" 2,9 4,1 1,5 2,2 117,7 120,8 69,9 51,0
CD8" 623,9] 405,2 923,9 604,1 5956,0] 28754 10653,00 9557,8
CD8" CD25" 13,1 18,5 6,1 4,3 48,6 29,1 30,7 11,2
NK Cells 2553,1] 1465,7] 3420,8] 1086,4 2515,7 972,6 3378,7 1104,5

Bone

Marrow
Eosinophils 2282,3] 312,71 6530,1 765,00 108401,9] 78846,3 216183,1] 46957,6
Macrophages | 11500,3] 4307,2| 18698,7| 7735,6] 134265,2| 52305,00 262402,4 125981,2
Monocytes
Ly6Clo 34019,8] 23700,1] 91040,5| 58786,0] 433487,8] 340761,7| 621456,3] 380466,0
Monocytes
Ly6Chi 15891,9] 2076,5 23075,6] 2153,1] 498909,6| 173417,3| 7791935 113781,1
Neutrophils 5763,8] 2436,00 12611,6| 9759,7] 11082275 547321,7] 1857262,7| 265735,5
CcD4" 2061,4] 1152,8| 11482,7] 9350,7] 27171,1] 12846,4 78663,2] 57669,3
CD4" CD25" 13,3 9,6 200,3 161,2 800,1 555,9 968,5 84,9
CD8" 2131,5| 321,7] 15465,00] 9006,3] 52853,0] 26491,1] 138849,1|] 109148,7
CD8" CD25" 34,9 49 4 130,7 76,6 1342,9 1144,1 914,3 784,8
NK Cells 9708,4| 3045,00 23446,9| 18226,00 116406,6 62240,9] 220934,0| 224127,3
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Spleen
Eosinophils 98376,5| 47028,6| 262753,2| 80006,6] 835596,0| 241374,7[ 1617312,2| 887116,3
Macrophages |346935,1/131322,9| 428058,0[118916,4] 769548,3] 45795,5 844505,3 492865,6
Monocytes
Ly6Clo 668595,5[476026,3] 824922,1{176947,4] 5320957,4|2476111,1 8370645,7|1272595,7|
Monocytes
Ly6Chi 448685,4[364750,1| 406820,8{158278,7] 3967381,4/3001826,7| 4720047,8[1286269,3
Neutrophils  |127056,7/106787,1] 120124,7| 69783,7| 2334328,0| 988641,5( 1924069,9 451481,8
CD4" 502904,2|393991,2[1018684,7| 76839,1]10332456,6/7362928,9(16681387,1{2352422,5
CD4" CD25" 767,1] 468,1] 5550,4] 3379,7] 90802,4] 34486,4 474641,8 319280,9
CD8" 313434,5|197634,6| 520242,6(155571,4] 7855972,5(5026627,1] 9173021,9| 911248,7
CD8" CD25" 915,3] 1016,2] 4138,1 3672,4 8744,5 2678,1] 20058,0f 12700,3
NK Cells 599012,3|269511,6| 628994,0{180547,8] 3344627,31767165,9| 2320197,1f 98433,9
Liver
Eosinophils 1183,2] 1173,00 1554,4 1902,6 1498,9] 1139,2 1474,6| 1779,4
Macrophages| 2969,4 2247,8] 2950,1] 3324,5 1920,6 991,8 1883,4] 17329
Monocytes
Ly6Clo 6697,3] 7014,0] 8804,1] 10720,8 6101,7] 5695,1 5825,4] 7293,4
Monocytes
Ly6Chi 5807,4] 6294,6] 2837,1 3420,6 3742,3] 2880,6 2520,6] 29224
Neutrophils 5568,8] 6608,4 1683,2] 2289,9 9668,7] 5398,6] 11471,3[ 12094,9
CD4" 4917,00 5881,5] 10279,0] 13766,8] 18441,3] 22799,6 6180,3] 7983,9
CD4" CD25" 7,2 5,3 3,1 4,4 9,3 7,6 15,8 9,4
CD8" 371,2 203,7 517,7| 424,3 42755 3522,3 3559,6] 4651,4
CD8" CD25" 41 3,9 11,6 5,8 22,1 7,6 13,1 18,5
NK Cells 51419 6313,1] 3831,5] 5124,5 4431,7  5469,4 3426,2] 4662,3
Lung
Eosinophils 1000,0] 1065,5 203,2 244,3] 18801,4] 19946,0 219,1 235,8
Macrophages | 25701,8] 29438,8] 10394,7| 12206,4] 54420,1] 60074,4] 43268,2] 46164,4
Monocytes
Ly6Clo 23596,7[ 25105,1] 113726 12731,5] 87424,00 94397,5| 26328,4 28028,0
Monocytes
Ly6Chi 21021,1] 22925,5| 8438,6] 9859,5| 17212,00 19603,8] 30447,1] 32318,7
Neutrophils 6017,9] 63845 2560,1] 2948,8] 74346,9] 82249,1] 102072,6| 118725,1
CD4" 2036,2| 22152 1175,1] 1271,3 8120,5 9699,3 3199,5] 3413,8
CD4" CD25" 32,0 34,8 9,5 10,8 1724 206,6 129,2 155,9
CD8" 1942,3[ 2139,3 680,4] 827,7 8198,5| 9705,7 2858,4] 3035,4
CD8" CD25" 82,5 87,7 22,7 25,3 117,4 142,0 155,5 168,5
NK Cells 19493,8| 21047,8] 9107,2] 9736,1] 12548,1] 148455 14724,9] 15649,3
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Table 7: Migration of leukocyte subsets in WT and Gal-97 mice under basal
conditions. WT and Gal-97 mice were injected with fluorescent CD45* antibodies i.v.
(CD45i.v.). 1 h post injection, leukocytes from different tissues were isolated and
stained with antibodies against various leukocyte subset markers for flow cytometric
analysis. Each leukocyte subset was plotted as percentage of CD45* cells . Each value
is the average value of the percentage from three mice. Statistical analysis was
performed by using Two Way ANOVA with Tukey post hoc test; P-values are indicated
in superscript or as **=p<0.01; ***=p<0.00.

CD45i.v.* CD45i.v.”
WT Gal-9" WT Gal-9"

Whole Blood Mean SD Mean SD Mean SD Mean SD
Eosinophils 0.228 0.141 | 0.259 | 0.156 | 0.881 0.647 0.565 0.573
Macrophages 1.094 0.772 | 0.755 | 0.219 | 1.883 1.510 1.967 0.824
Monocytes Ly6Clo 1.631 0.374 | 1.528 | 0.462 | 9.662 3.665 5.516 2.482
Monocytes Ly6Chi 1.103 0.172 | 0.680 | 0.455 | 3.326 0.689 2.943 0.248
Neutrophils 0.290 0.023 | 0.809 | 0.702 | 22.136 | 1.400 54.813**** | 17.301
CD4+ 0.629 0.265 | 0.539 | 0.129 | 7.906 0.973 5.331 1.294
CD4* CD25* 0.002 0.003 | 0.001 | 0.002 | 0.089 0.081 0.047 0.044
CD8* 0.564 0.325 | 0.318 | 0.044 | 5.737 0.268 3.066 0.849
CD8* CD25* 0.007 0.013 | 0.004 | 0.004 | 0.048 0.032 0.017 0.013
NK Cells 2.369 0.312 | 1.501 | 0.822 | 2.532 0.330 1.443 0.627

Bone Marrow
Eosinophils 0.082 0.015 | 0.153 | 0.017 | 3.683 2.673 5.111 1.457
Macrophages 0.431 0.265 | 0.442 | 0.215 | 4.623 1.408 6.445 4.293

Monocytes Ly6Clo 1.190 0.892 | 2.222 | 1.761 | 14.655 | 11.607 15.191 11.629
Monocytes Ly6Chi 0.572 0.131 | 0.541 | 0.050 | 16.877 | 4.740 18.129 1.428

Neutrophils 0.206 0.100 | 0.280 | 0.246 | 35.755 | 16.458 43.140 1.969
CD4* 0.071 0.045 | 0.255 | 0.236 | 0.886 | 0.300 1.761 1.441
CD4* CD25* 0.000 0.000 | 0.004 | 0.004 | 0.027 | 0.019 0.023 0.006
CD8* 0.075 0.009 | 0.349 | 0.219 | 1.714 | 0.643 3.113 2.746
CD8* CD25* 0.001 0.002 | 0.003 | 0.002 | 0.043 | 0.035 0.021 0.020
NK Cells 0.350 0.135 | 0.521 | 0.459 | 4.075 | 2.461 4.867 5.753
Spleen
Eosinophils 0.169 0.127 | 0.224 | 0.063 | 1.752 | 1.289 1.458 1.016
Macrophages 0.641 0.491 | 0.366 | 0.096 | 1.496 | 0.802 0.751 0.578
Monocytes Ly6Clo 0.944 0.431 | 0.727 | 0.234 | 8.225 | 0.693 7.233 1.061
Monocytes Ly6Chi 0.591 0.268 | 0.345 | 0.133 | 5.299 | 1.493 4.033 0.976
Neutrophils 0.285 0.384 | 0.100 | 0.063 | 4.064 | 2.805 1.648 0.325
CD4* 0.864 0.283 | 0.882 | 0.046 | 19.902 | 11.786 | 14.638%%%1 | 3.574
CD4* CD25* 0.002 0.002 | 0.005 | 0.004 | 0.263 | 0.280 0.430 0.356
CD8* 0.591 0.166 | 0.459 | 0.189 | 16.055 | 10.256 8.010** 1.423
CD8* CD25* 0.003 0.003 | 0.004 | 0.004 | 0.028 | 0.025 0.018 0.014
NK Cells 1.253 0.430 | 0.556 | 0.223 | 7.219 | 4.402 2.0169%971 | 0.159
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Liver

Eosinophils 1.157 0.161 | 1.189 | 0.973 | 1.990 | 0.571 1.195 0.960
Macrophages 3.760 1.556 | 3.363 | 0.776 | 3.207 1.685 3.429 1.967
Monocytes Ly6Clo 6.171 0.888 | 7.319 | 2.816 | 6.739 | 0.770 4.565 0.581
Monocytes Ly6Chi 5.086 1.093 | 2.467 | 0.839 | 4.944 | 1.386 2.569 0.615
Neutrophils 3.738 2.861 | 0.835 | 0.679 | 16.105 | 7.960 15.513 5.436
CD4* 3.522 2.035 | 5.336 | 3.860 | 15.064 | 8.346 4.210**** 1.281
CD4* CD25* 0.011 0.016 | 0.016 | 0.027 | 0.039 | 0.037 0.052 0.064
cD8* 1.000 0.764 | 1.114 | 0.749 | 7.102 | 4.766 2.2600.0941 0.888
CD8* CD25* 0.015 0.013 | 0.039 | 0.037 | 0.060 | 0.045 0.004 0.008
NK Cells 3.657 2.095 | 2.095 | 1.293 | 3.404 | 1.773 1.671 1.378
Lung
Eosinophils 0.462 0.630 | 0.248 | 0.250 | 2.160 | 1.610 0.7108 0.6591
Macrophages 4.390 2.775 | 2.206 | 0.909 | 7.911 5.096 7.7789 6.0497

Monocytes Ly6Clo 3.821 1.422 | 3.123 | 0.884 | 13.337 | 6.045 7.057008%2 | 1.8071
Monocytes Ly6Chi 4.782 0.548 | 1.458 | 1.059 | 7.045 | 1.296 5.5846 4.0008

Neutrophils 1.175 0.400 | 0.513 | 0.195 | 16.706 | 2.841 17.393 13.034
CD4* 0.634 0.516 | 1.023 | 1.279 | 5.495 | 3.504 4.777 4.4043
CD4* CD25* 0.003 0.004 | 0.002 | 0.001 | 0.022 | 0.021 0.0216 0.0243
CD8* 0.605 0.514 | 0.679 | 0.698 | 3.785 | 1.756 3.8606 4.2835
CD8* CD25* 0.011 0.007 | 0.004 | 0.003 | 0.063 | 0.033 0.1058 0.1528
NK Cells 4.334 1.960 | 3.459 | 2.032 | 4.374 | 1.672 4.5266 0.791

5.4. Exogenous Gal-9 induces myeloid cell migration in vivo

In previous chapters an upregulation of Gal-9 in inflammatory environments and Gal-
9-induced monocyte activation and cytokine release from macrophages was observed.
Therefore, the effect of exogenous Gal-9 on leukocyte migration in zymosan induced
peritonitis in C57BL6 mice was assessed. Therefore mice were treated i.p. with
zymosan in the presence or absence of Gal-9. The peritoneal lavages were collected
2, 4 or 16 h post injection and monocyte and PMN counts were quantified as well as

the levels of CXCL1, CCL2, TNFa and IL-6.

Neutrophil infiltration into the peritoneum peaked at 4 h post injection in both treatment
groups (Figure 36A). However, no differences in neutrophil numbers were detected at
either time point. Monocytes counts peaked in both treatment groups at 16 h (Figure

36B). While there were no differences detected in monocyte numbers after 4 h, there
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were significantly more monocytes present in the peritoneal lavages 16 h in mice

treated with zymosan and Gal-9 compared to zymosan alone.

Since cytokines are released early on in the immune response, the levels of CXCL1,
CCL2, TNFa and IL-6 in the peritoneal lavages were measured at 2 and 4 h post
injection. The analysis revealed peak levels of CXCL1 (Figure 36C) and TNFa (Figure
36E) 2 h post injection while the levels of CCL2 (Figure 36D) and IL-6 (Figure 36F) do
not change significantly between the two time points. However, there was a significant
difference between zymosan and zymosan and Gal-9 treated mice after 2 h in the level
of all chemokines and cytokines: mice which received also Gal-9 had increased levels

of all four proteins. These differences were not observed at the 4 h time point.

In summary these data indicate that exogenous Gal-9 has a pro-inflammatory role in
vivo by increasing chemo- and cytokine release and monocyte migration

intraperitoneally.
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Figure 36: Monocyte and Neutrophil counts as well as cytokine levels isolated
from peritonea of C57BL6 mice after injection with zymosan with or without Gal-
9. Peritoneal lavages of C57BL6 mice injected with zymosan in the presence and
absence of Gal-9 were analysed 2, 4 or 16 h post injection. Neutrophil (A) and
monocyte (B) counts were quantified using flow cytometry. Levels of CXCL1 (C), CCL2
(D), TNFa (E) and IL-6 (F) were analysed using Luminex technology. N= 5-10.
Statistical significant differences were calculated using Two Way ANOVA with Tukey’s
post test.*= p<0.05; **= p<0.01; ***= p<0.005; ****= p<0.001.
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5.5.Discussion

In this chapter, the role of Gal-9 in monocyte trafficking was assessed. Previous studies
have demonstrated a pro-inflammatory function for Gal-9100.238.256.301,357 and various
studies have investigated the role of Gal-9, first described as an eosinophil
chemoattractant®, in leukocyte trafficking more specifically207.255309.321 ' For example,
soluble Gal-9 has been reported to increase the adhesion of B-cells, T-Cells,
neutrophils, eosinophils and monocytes to endothelial cells under static?>®> and
physiological flow conditions3?! in vitro. Additionally, Imaizumi et al. showed that
endothelial Gal-9 increased the adhesion of human eosinophilic leukemia 1 cells?14.288,

However, there is still a lack of understanding of the precise mechanisms involved.

Here, the current understanding of Gal-9 in the context of monocyte recruitment, which
is critical in driving atherosclerotic plague progression'®, was expanded. Using a flow-
based adhesion assay, it was shown that Gal-9 captures PBMCs as well as
monocytes. Interestingly, while monocyte capture seemed to be highest at 20 pg/ml
Gal-9, the adhesion and activation of monocytes was concentration independent.
Whether the reduced number of adherent monocytes at higher concentrations of Gal-
9 is due to reduced availability of binding sites because of more tightly packed Gal-9

molecules on the channel surface, requires further investigation.

Remarkably, no rolling was observed, which is traditionally considered to be the first
step in the leukocyte migration cascade®. Rolling is mediated by the transient
interactions of selectins with glycans on glycoproteins such as PSGL-1. The
interactions between immobilised Gal-9 and its binding partner(s) on PBMCs and

monocytes are evidently strong enough to withstand the applied physiological wall
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shear stress, suggesting that Gal-9 is interacting with a different protein than selectins

on the monocyte surface.

Furthermore, a fraction of the adherent PBMC and the majority of monocytes were also
activated and adhered firmly, evident by spreading, indicated by the change from
phase bright to phase dark. Using anti-CD18 blocking antibodies, we were able to block
monocyte adhesion, indicating a interaction between Gal-9 an 32 integrins. This
confirms our findings in Chapter 4 which suggest an interaction between Gal-9 and 32
integrins. As a subunit of LFA-1 and Mac-1, CD18 is known to be involved in monocyte
adhesion and spreading through interaction with adhesion molecules such as VCAM-
1 on the endothelium?*. Various studies have also demonstrated that some galectins
can interact directly with integrin subunits327:328,330.358,359 ' For example, Gal-1 was
shown to interact with the 31 integrin subunit on smooth muscle cells, which impacted
their adhesion®>°. Gal-3 mediates adhesion of HUVECSs by interacting with aV and R1
integrins33! while its interaction with R1 also induces apoptosis in T-cells®° and
adhesion of Madin-Darby canine kidney cells to extracellular matrix substrates3%.
Furthermore, 33 integrins are known to interact with Gal-3 to regulate endometrial cell
proliferation and adhesion33°. Another galectin of the tandem-repeat family, Gal-8 was
also interacts with integrins. Gal-8 binds to 31 integrins which inhibits cell adhesion of
a human carcinoma cell line3?® and induces spreading in Jurkat T cells®?’. Interestingly,
Gal-8 has also been identified as a binding partner of the 32 integrin LFA-1 which
inhibits the interaction of PBMC with immobilised ICAM-1 under static conditions3?°.
These studies further support the hypothesis of an interaction between Gal-9 and (32
integrins, particularly since it was shown in a previous study that Gal-9 mediated

capture of primary human neutrophils is also R2 integrin dependent®'®>. Whether the
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observed reduction of adherent cells to Gal-9 after their treatment with anti-CD18-
antibodies is due to the blocking of a direct interaction between Gal-9 and CD18
remains to be determined. Nevertheless, these findings suggest a novel, selectin-
independent capture mechanism of monocytes mediated through a glycan-dependent

interaction between Gal-9 and 32 integrins.

The current dogma indicates monocyte activation is predominantly mediated through
chemokines, expressed by activated endothelial cells and chemokine receptors on
monocytes®. These interactions activate intracellular G-protein coupled receptor
mediated pathways and lead to integrin activation, which allows monocytes to adhere
firmly to activated endothelium®2361, Whether this novel activation mechanism mediated
by Gal-9 observed here is also driven through G-protein coupled receptor pathways
and which binding partners of Gal-9 mediate activation requires further investigations.
Interestingly, another galectin, Gal-3, has been found to form heterodimers with
chemokine CXCL12 which inhibits the migration of leukocytes?*®. Further studies are
required to understand if similar interactions are occurring between chemokines and

Gal-9 and whether they contribute to monocyte capture, adhesion and spreading.

Gal-9 is only one of two proteins capable of inducing capture, adhesion and spreading
of leukocytes®2, Recombinant immobilised fractalkine, a ligand for CXsCR1, has also
been shown to promote immediate capture and cause adhesion and spreading of
leukocytes. However, the CX3CR1 mediated capture occurs a integrin-independent

manner under physiological wall shear stress362,

While the capture and spreading of PBMC by immobilised Gal-9 is independent of age,

Gal-9 enhanced the capture, adhesion and spreading of PBMCs from PAD patients.
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Additionally, the majority of adherent and spread PBMCs are monocytes. This study
documents for the first time a disease dependent differences in capture and adhesion
to Gal-9 However, other studies have highlighted increased adhesion of monocytes to
VCAM-1 and activated endothelium in other inflammatory conditions such as RA3%3
and hypertriglyceridemia®?’. Both studies concluded that the increased adhesion to IL-
113 stimulated endothelium and VCAM-1 respectively was due to heightened activation
of monocytes. Increased basal activation of monocytes in PAD patients, indicated by
decreased CD62L levels were shown in Chapter 4, which confirms findings from
previous studies in HA and individuals with hypertriglyceridemia3°”:3%7, Interestingly, no
increased levels of the active conformation of CD18 in monocytes of PAD patients
were detected (Chapter 4) which could have also explained the increased adhesion of
PBMCs to immobilised Gal-9, based on the interaction of Gal-9 with 32 integrins.
However, in this study total CD18 levels were not assessed, but several other studies
have reported the upregulation of total 32 integrin33” in monocytes of PAD patients and
increased CD11b/CD18 in patients with unstable angina®*’, as well as CD11c, Mac-1
and LFA-1 in patients with myocardial infarction4>348, These findings suggest that Gal-
9 may not require the active confirmation of CD18 for its binding and that the increased
number of adherent PBMCs in PAD patients is due to increased levels of total CD18

as well as increased activation of monocytes in PAD patients.

Gal-9 is a glycan binding protein, known to bind O-glycans®®* as well as linear N-
glycans3!! on glycosylated proteins such as TIM-3333, CD443%° and CD453%!!. The
treatment of Gal-9 coated channels with 25 mM of lactose reduced capture by 90 %,
indicating a glycan-dependent capture mechanism, confirming results from Chapter 4

and other studies demonstrating glycan-dependent binding of Gal-92%:35, Additionally,
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inflammatory diseases can alter the glycan profile of cells3493%0, Further research is
required to define all specific Gal-9 binding partners on monocytes and their
glycosylation profiles. Whether PAD dependent changes in the glycan profile of

PBMCs also contributes to enhanced capture by Gal-9 also remains unknown.

As shown in Chapter 3, Gal-9 is expressed in endothelial cells in inflammatory
environments and various in vivo studies have highlighted a role for Gal-9 in
inflammation31°3¢6 and is required for monocyte adhesion to endothelium, highlighting
a role as a physiological capture and adhesion molecule during inflammation. Here
these findings were expanded by showing that there were no differences in migration
of leukocyte populations in various tissues of WT and Gal-97- mice under basal, non-
inflammatory conditions 1 h after cell labelling. However, extending the time period
between cell labelling and tissue analysis might reveal differences. On the other hand
a previous study has shown that monocyte and PMN recruitment during acute
inflammation is reduced in Gal-9 deficient mice31>. Here it was shown that exogenous
Gal-9 increases monocyte migration into the peritoneum during acute inflammation.
The in vivo data confirms in vitro data from Chapter 4 of increased cytokine release
after Gal-9 treatment. Other studies have also reported a pro-inflammatory role of Gal-
9 on myeloid cells in vivo: a pro-inflammatory function for Gal-9 was reported in a pre-
clinical model of pristane-induced lupus with Gal-9 deficient mice exhibiting less severe
nephritis and arthritis?®® and the injection of Gal-9 into mouse knees increased
infiltration with F4/80* cells®°l. These findings further indicate a role of Gal-9 in
leukocyte recruitment during inflammation but not under basal conditions. However,
other in vivo studies have demonstrated an anti-inflammatory role of exogenous Gal-9

in various disease models, for example, administration of Gal-9 induced apoptosis of
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Thi-cells and in turn improved SLE- associated arthritis and proteinuria®® as well as
diabetes in NOD mice?®8. These studies highlight the complexity in the mode of action
of endogenous and exogenous Gal-9 in different inflammatory models and further
studies are required to understand the mechanisms involved in Gal-9 modulated
inflammation. Furthermore, more studies are needed to understand the mechanisms
involved in Gal-9 mediated cyto- and chemokine release and whether the increased
monocyte migration is due to increased cytokine release in vivo or due to an

upregulation of Gal-9 on the endothelium in the peritoneal vasculature.

In summary, this chapter has shown that Gal-9 can function as a direct capture and
adhesion molecule of PBMC and monocytes, particularly during inflammation in vitro
and in vivo, and that PBMC are captured in an age-independent but peripheral arterial
disease-dependent manner in vitro. It has previously been suggested that suppressing
monocyte recruitment to plaques is more beneficial to plaque regression than
macrophage egress from plaques'®®, therefore targeting Gal-9 to prevent monocyte

recruitment could prove to be an attractive therapeutic strategy.
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CHAPTER 6:
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ATHEROSCLEROTIC

PLAQUE PROGRESSION



6. Chapter 6: Gal-9 contributes to atherosclerotic plaque progression

6.1. Rational

During atherosclerotic plaque formation, monocytes migrate into the intima layer of the
vessel wall. They differentiate into macrophages or phagocytose lipid deposits and turn
into foam cells'#43%7, These cell types release pro-inflammatory mediators which
further drive the progression of plaque formation®6-368,_QOn the other hand, migration of
monocytes differentiating into pro-resolving macrophages is crucial for regression of

atherosclerosis®4,

Many proteins involved in the monocyte migration cascade have been well
characterised®''® and Gal-9 is required for monocyte migration as well as being
involved in creating a pro-inflammatory milieu, as shown in Chapters 5 and 4,
respectively. While Gal-9 has also been shown to modulate other inflammatory
diseases, its role in atherosclerosis is not yet understood. A recent review by Yu et al.
suggests that it has an atheroprotective role?®?. However this hypothesis is based on
studies using a blocking antibody against TIM-3, a binding partner of Gal-9 and by

blocking TIM-3, atherosclerosis was improved in mice.

Here we use the ApoE’- mouse model of diet induced atherosclerosis to investigate
the role of Gal-9 in atherogenesis. ApoE” mice were crossed with Gal-97- mice to
generate ApoE”- Gal-97- mice which were placed on a high fat diet (HFD) for 12 weeks
to analyse plague development and morphology. RNA sequencing data was used to
investigate Lgals9 levels in leukocyte populations from atherosclerosis progression

and regression.
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Figure 37: Weight gain and Total Cholesterol and Triglyceride levels in ApoE"-
and ApoE’Gal-97 mice on a 12 week long high fat diet. ApoE”- and ApoE"-Gal-97
mice were placed on a high fat diet for 12 weeks. The weight of the mice was monitored
weekly (A). After 12 weeks, the mice were sacrificed and blood was collected for serum
total cholesterol (B) and triglyceride (C) levels were measured. N=10-11. Statistical

significant differences were calculated using Student’s t-test.
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6.2. Plaque progression is Gal-9 dependent
6.2.1. High fat diet induced weight gain and increase in lipid serum levels are
independent of Gal-9

The weights of all mice were measured weekly from the start of the HFD. The average
starting weight of both mice strains were between 26 and 29 g per mouse. Over the
period of 12 weeks, both strains gained 8-10 g per mouse to a final weight between 35
and 37 g per mouse (Figure 37A). No significant differences in weight between the
strains at any of the time points were detected, indicating that Gal-9 has no effect on
diet-induced weight gain.
Increased lipid levels, particularly cholesterol and triglyceride levels, contribute to
atherosclerosis. ApoE”- mice on HFD are known to have elevated cholesterol and
triglyceride levels!®®. To determine whether Gal-9 deficiency affects cholesterol and
triglyceride levels, serum samples of both mouse strains were collected when the mice
were sacrificed. Biochemical analysis of these serum samples revealed no significant
differences in cholesterol or triglyceride levels between the mouse strains (Figure 37
B and C). Both, ApoE”- and ApoE“Gal-97- mice had an average of about 30 mmol/l of
total cholesterol (Figure 37B) and about 5 mmol/l triglycerides (Figure 37C) in the
collected serum.
These data indicate that Gal-9 has no impact on weight gain and lipid levels in mice.

6.2.2. En face staining of plaques reveals role of Gal-9 in plaque formation

In order to determine the role of Gal-9 in plaque progression, ApoE’ and ApoE"-Gal-
97 mice were sacrificed after 12 weeks of HFD. The aorta was harvested and stained

en face with Oil Red O, a dye staining lipids and neutral triglycerides. The plague
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burden was defined as the total plaque (Oil Red O*) area as percentage of the total

surface area of the aorta (Figure 38A).

The en face staining of plaques revealed that there was a significantly reduced plaque
burden in the aortas of ApoE”’Gal-97- mice compared to ApoE”- mice (Figure 38B).
When separate sections of the aortas were analysed for plaque burden, the data
showed that there were no significant differences between ApoE” and ApoE”-Gal-97
mice in the aortic arches and thoracic aortas. However, significantly lower plaque
burden were detected in the abdominal aortas of ApoE”Gal-97- mice compared to

ApoE" mice.

Additionally, the number of plagues were determined by counting the individual
plagues determined using thresholding parameters on ImageJ (Fig. 38A). ApoE"-Gal-
97 mice had significantly less plaques in the whole aorta compared to ApoE” mice
(Figure 38C). No significant differences were detected in the individual parts of the
aortas. However, the number of plaques in ApoE’Gal-97- mice in all three parts of the

aorta trended towards a decreased number.

These data indicate that Gal-9 enhances atheroprogression in vivo without affecting

weight gain or circulating lipid levels.
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Figure 38: Plaque burden and number of plaques in whole aortas of in ApoE™”
and ApoE”Gal-9" mice on a 12 week long high fat diet. in ApoE’ and ApoE"-Gal-
97 mice were placed on a high fat diet for 12 weeks. After 12 weeks, the mice were
sacrificed and the aortas were stained with Oil Red O (A). After imaging, the plaque
burden was determined by thresholding (A) and represented as percentage of the area
of the aorta (B) while the number of aortic plaques were counted. Aortic Arch (AA),
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thoratic aorta (TA) and abdominal aorta (AbA) sections were also analysed. N=8-10.

Statistical significant differences were calculated using t test.**= p<0.01; ***= p<0.005.

6.2.3. Plaque morphology is Gal-9 dependent

To further investigate the role of Gal-9 in atheroprogression in vivo, aortic root sections
were analysed for plague size and composition (Figure 39A). Oil Red O staining was
used to quantify the lipid content of the aortic root plague cross sections. Van Gieson
staining, a differential dye stains collagen in pink and other cellular components in
yellow was used for the quantification of collagen. Collagen deposition is an indication
of plague progression and regression and can therefore be used to indicate the state
of plagues'®. The macrophage content of plagues was determined by
immunofluorescent staining of CD68, a macrophage marker, since macrophage
content within the plague can be used as measure of plaque progression. Macrophage

levels are high during atheroprogression and decrease during regression83-186,

By determining the total plaque area as well as the average size of plaques in the aortic
root cross section, it was shown that both measures of plaque size were significantly

reduced in ApoE”-Gal-97- mice compared to ApoE" mice (Figure 39B and C).

By characterising the collagen content as percentage of the total plaque area, the
analysis shows significantly less collagen in ApoE”-Gal-97- mice compared to ApoE"
mice (Figure 39D). In ApoE”- mice, about 38 % of the total area was collagen, while

only around 13 % in plaques of ApoE’-Gal-9"mice was collagen.

Macrophages levels within plaques can also indicate the stage of atherosclerosis.
Macrophage content was determined as the percentage of CD68* area of total plagque

area. Analysis of the macrophage content of aortic root plaques revealed a significantly
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lower proportion of macrophages in plaques of ApoE’Gal-97 mice, approximately 22

%, compared to 55 % in ApoE” mice (Figure 39E).
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Figure 39: Plaque area, plaque size, collagen content and macrophage content
in aortic root plagques of ApoE” and ApoE”-Gal-97 mice on a 12 week long high
fat diet. ApoE” and ApoE”-Gal-97- mice were placed on a high fat diet for 12 weeks.
After 12 weeks, the mice were sacrificed and the aortas were stained with Oil Red O,
Van Gieson as well as immunohistochemically with CD68 antibodies (A). The total
plaque area in the aortic root (B) as well as the average size of each plaque (C) in the
sections of the aortic root were determined by using Oil Red O staining. Collagen was
stained using Van Gieson and expressed as percentage of total plaque area (D).
Macrophage content was quantified by presenting the CD68+ area as percentage of
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total plaque area (E). N=4-6. Statistical significant differences were calculated using
Student’s t-test.*= p<0.05; **= p<0.01; ***= p<0.005.

In summary, these data show that Gal-9 contributes to increases in plaque burden,
collagen content and macrophage content, indicating a role in atherosclerotic plaque

progression.

6.3.RNA sequencing reveals decreased expression of Lgals9 in plague

macrophage populations during atherosclerotic regression

Based on previous findings of an immune-specific regulation of monocyte migration
and the pro-inflammatory role in atherosclerosis by Gal-9, Gal-9 levels in leukocytes
during plaque regression were examined. By collaborating with researchers from the
New York University Cardiovascular Research Center RNA sequencing data from
CD45* cells isolated from aortas of Ldlr”- mice with diet induced atherosclerotic
progression and regression were analysed. Bioinformatic analysis was performed to
cluster leukocyte subsets based on gene expression (Figure 40A). The relative Lgals9
levels in these clusters during progression were blotted (Figure 40A) and reveal Lgals9
expression in most leukocyte subsets, particularly the macrophage clusters, which
confirms findings from the in vitro studies in Chapter 3. Interestingly, when relative
Lgals9 expression in these macrophage clusters during progression were compared
to the levels in regressing plagues, a significant decreases in Lgals9 levels in almost
all macrophage subsets in regressing plagues were found (Figure 40B). The only
macrophage cluster which Lgals9 levels did not change significantly was the activated

macrophage cluster.
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Figure 40: Lgals9 levels in CD45" cells isolated from progressing and regressing
plaques of Ldlr” mice. Bioinformatic analysis of Lgals9 levels was provided by
collaborators E. Brown and E.A. Fisher from New York University Cardiovascular
Research Centre. LdIr”- mice were fed a high fat diet for 20 weeks to induce generation
of progressing atherosclerotic plagues. Regression was induced by reducing the diet
by 50 % for 3 weeks. The mice were sacrificed and the CD45+ cells of the aorta were
isolated before RNA was isolated and analysed using RNA Sequencing. Leukocyte
populations were clustered based on RNA expression profiles and their relative Lgals9
expression blotted (A). The relative expression of Lgals9 in macrophages clusters in
progressing and regressing plaques was blotted and compared using a Student’s t-
test (B).
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These findings further confirm a inflammation- specific expression of Gal-9 and
indicate a pro-inflammatory role of Gal-9 in atherosclerosis. However, further studies
are required whether Gal-9 protein levels also decrease in regressing plaques and

whether targeting Gal-9 therapeutically can induce atherosclerotic plague regression.
6.4.Discussion

Gal-9 has been demonstrated to play a role in a range of inflammatory diseases. In
this chapter, the ApoE” mouse model of diet-induced atherosclerosis was applied,

which revealed for the first time, a pro-atherogenic role of Gal-9.

Interestingly, a previous study in Gal-97- mice has shown that these mice gain less
weight on a high fat high sucrose diet compared to C57BL6 wild type mice after at least
20 weeks, but not yet after 12 weeks on diet®%%, Our findings also show that weight
gain is not affected after 12 weeks of HFD. However, whether ApoE~’- Gal-97- also have
a reduced weight gain over a period exceeding 12 weeks of HFD compared to ApoE~"
mice, as observed in Gal-97 mice, needs to be established and considered when
conducting further diet-induced atherosclerosis and obesity studies exceeding 12

weeks of weight gain.

Increased cholesterol and not just weight gain is a main contributor of plaque formation
and increased triglyceride levels are a biomarker of atherogenic lipoproteins'4°. Both
have been extensively reported in atherosclerosis mouse models as a result of
HFD171.183.1%  As expected, serum levels of cholesterol and triglycerides were
increased after 12 weeks of high fat diet. The weight gain-study in Gal-97-and C57BL6
wild type mice did not report differences in cholesterol or triglyceride serum levels3®

which confirm these findings which suggest that Gal-9 plays no role in lipid metabolism.
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Even though we did not observe differences in weight, cholesterol and triglyceride
levels between the two mouse strains, Gal-9 ablation in mice results in a significant
inhibition of diet-induced atherogenesis. The plaque burden was significantly
decreased in ApoE” Gal-97 indicating that Gal-9 has an effect on atherosclerosis
through other mechanisms such as inflammation, particularly since earlier in this study
the inflammation specific role of Gal-9 was highlighted. Interestingly, different parts of
the aorta were affected differently. An early study in ApoE” mice has reported that
plagues in the aortic arches are the first ones to appear, plagues in the abdominal
aortic region appear much later®’°. The reduced plaque burden in the abdominal aorta
and the reduced number of plagues in the aorta of ApoE” Gal-97- mice therefore
suggests a delayed atheroprogression in ApoE”- Gal-97- compared to ApoE”- mice on

HFD, which suggests a role of Gal-9 in the inflammatory response of atherosclerosis.

In this study, reduced collagen and macrophage content within the plaques were
reported. While a decrease in plaque size and macrophage content can be measures
of plague regression, regression is also marked by an increase in collagen content
within plaques!®. This is not the case in ApoE”’ Gal-97- when compared to ApoE"
mice. The decreased collagen content in combination with reduced macrophage

content further indicate that plaque progression is delayed in the absence of Gal-9.

The recruitment of monocytes into the intima is crucial for the progression of
atherosclerosis and Gal-9 modulates migration of leukocytes in inflammatory settings.
In context with results from Chapter 5 and previous publications, which showed that
monocyte migration is dependent on endothelial Gal-9 and that endogenous3'® and
that exogenous Gal-9 induce monocyte migration in acute peritonitis, it is hypothesised

that the absence of Gal-9 reduces the amount of circulating monocytes migrating into
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the vessel wall leading to a decrease in accumulation of pro-inflammatory
macrophages and in turn decreased inflammation. Expression patterns of Gal-9 in
plaques, particularly the endothelial cells and in vivo atherosclerosis studies with

endothelial specific knock out of Gal-9 should be applied to investigate this further.

While this study is the first to report a pro-inflammatory role for Gal-9 in atherosclerosis,
another member of the galectin family, Gal-3, has also been shown to contribute to
atherosclerosis. Lee et al. demonstrated an increase of Gal-3 protein expression in
progressing plaques which also co-localised with macrophages and decreased in
regressing plaques induced by atorvastatin treatment?®’. However, the study
compared C57BL6 WT mice on chow diet to ApoE” mice on high cholesterol diet.
Nevertheless, these findings complement the findings in this study of reduced Lgals9
levels in macrophages of regressing plaques. Other studies further investigated the
role of Gal-3 in atherosclerosis further and reported a reduction in lesions of ApoE~"
Gal-37- double deficient mice?’%21 and decreased perivascular inflammatory
infiltrates?’°. Various publications have demonstrated additional, immunomodulatory
functions of Gal-9, independent of its role in leukocyte migration. For example,
intracellular Gal-9 regulates gene expression of inflammatory cytokines such as IL-1a
and -18 via direct interaction with NF-IL6 in THP-1 cells, a monocyte cell line?®’.
Therefore, the role of Gal-9 inside plaques needs further investigation, particularly
since an increased cyto- and chemokine release by macrophages was reported in
Chapter 4. Whether the presence of Gal-9 prevents atherosclerotic regression by

contributing to a pro-inflammatory milieu also needs further research.

These data clearly show the pro-inflammatory role of Gal-9 in atherosclerosis. This

confirms findings from studies using other models of inflammatory diseases. Gal-9
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deficient mice had improved nephritis and arthritis in a pre-clinical model of pristane-
induced lupus?38, while the direct injection of Gal-9 into knees of mice resulted in
increased knee swelling as well as increased F4/80* macrophage infiltration30L.
However, other studies using exogenous Gal-9 have shown that it improved various
clinical symptoms such as arthritis in MRL/Ipr mice, a murine model of SLE®*%® and
Arikawa et al., showed that subcutaneous injections of Gal-9 to mice with collagen
induced arthritis improved their clinical scores significantly?®!. Collectively, these
studies highlight the complexity in the mode of action of endogenous and exogenous

Gal-9 in different inflammatory settings.

In summary, Gal-9 modulates atherosclerosis by modulating monocyte migration into
the atherosclerotic plaque which in leads to decreased inflammation and therefore
decreased plaque progression. This proposes Gal-9 as a therapeutic target in the

prevention of atherosclerotic plaque progression.
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CHAPTER 7:

CONCLUDING REMARKS

AND

FUTURE DIRECTIONS



7. Chapter 7: Concluding remarks and future directions

7.1.Concluding remarks

This study shows that Gal-9 is expressed by monocytes, macrophages and endothelial
cells. Gal-9 is upregulated during inflammatory conditions which confirmed findings
from previous studies?14.288-290.306  Fyrthermore, it was shown that macrophages and
endothelial cells release Gal-9 in these conditions which suggests that they are a
source of increased circulating Gal-9 levels detected in plasma of PAD patients but
also in patients with other inflammatory diseases?32%, Further studies are required to
get a better understanding of the mechanisms that regulate Gal-9 expression and its
release, especially since previous studies have highlighted the role of intracellular Gal-
9 in various leukocyte subsets: for example it induces the expression of IL-12 and IL-

23 in monocytes?1®,

Here, it was also demonstrated that Gal-9 modulates inflammation through two distinct
mechanisms. Firstly, soluble Gal-9 can modulated monocyte responses by inducing
CD62L shedding and pro-inflammatory cytokine release in macrophages and
secondly, immobilised and endothelially expressed Gal-9 acts in monocyte capture

and adhesion.

These findings propose Gal-9 as novel therapeutic target in the prevention of
inflammation and induction of inflammatory resolution. Particularly, since novel,
inflammation-targeting drugs have provided promising results in atherosclerosis'®?,
RA, psoriasis and inflammatory bowel diseases®’*. However, further experiments are
required to identify the binding partner of Gal-9 on monocytes and macrophages,

whether increased circulating Gal-9 levels during inflammatory diseases are able to
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induce monocyte activation and whether Gal-9 protein expression is increased in
progressing atherosclerotic plaques which could contribute to the pro-inflammatory

environment within plaques.

The second mechanism through which Gal-9 modulates inflammation is through
facilitating monocyte migration, specifically during inflammation. These findings further
highlight the potential of Gal-9 as therapeutic target by interfering with leukocyte
trafficking which drives the immune response, particularly since a number of studies
have already highlighted the potential of targeting leukocyte trafficking as therapeutic
strategy for inflammatory diseases®’?. Further studies are required in determining the
Gal-9 expression of which cell type is responsible for the Gal-9 induced modulation of
leukocyte migration; whether it is Gal-9 expressed by endothelial cells as adhesion
molecules, Gal-9 released into circulation which induces activation of circulating
leukocytes or local, soluble Gal-9 acting as chemoattractant, as has been described

for eosinophils3®, or whether it is a combination of all three.

More specifically, Gal-9 acts in the progression of atherosclerotic plagues in vivo.
Promoting a pro-inflammatory environment and increasing monocyte migration are two
major factors which contribute to atherosclerosis, and this study has shown that Gal-9
facilitates both. These findings fit in with other studies which have demonstrated a pro-
inflammatory role of Gal-9 in inflammatory diseases?%8301.315373  Fyrther studies are
required to define the role of Gal-9 within plaques in more detail and whether it also

plays a role in atherosclerotic plaque regression.

In conclusion, the results of this study suggest that Gal-9 is an inflammation-specific

promoter of atherosclerotic plaque progression, acting in two ways: i) as soluble
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protein, activating monocyte through its increased presence in circulation during
inflammation and inducing pro-inflammatory cytokine release in macrophages; and ii)
as surface protein expressed by endothelial cells, facilitating monocyte recruitment as
a direct capture molecule in a glycan- and 32 integrin dependent manner. These
findings suggest that Gal-9 is an interesting, novel therapeutic target in the prevention
of atherosclerotic plaque progression. Further studies are required to understand the
pathways which regulate Gal-9 mediated inflammation, particularly during plaque
progression and if decreasing Gal-9 levels could facilitate atherosclerotic regression

by reducing inflammation and monocyte influx.

7.2.Future directions

Whilst the work outlined in this thesis has described a role of Gal-9 in monocyte driven
atherosclerotic progression, it also raises additional questions which require further

investigation.

Gal-9 expression

Multiple aspects of Gal-9 expression in endothelial cells, monocytes and macrophages
have been outlined in this thesis. However, the precise regulation and pathways
leading to Gal-9 protein expression remain unknown. Therefore, it is important to
Investigate the pathways which determine Gal-9 expression in endothelial cells,
monocytes and macrophages. Using RNA sequencing data of endothelial cells,
monocytes and macrophages treated with substances known to upregulate Gal-9
expression might provide a better understanding of the pathways involved and using
inhibitors, siRNAs and knock out cell lines to block parts of the found pathway might

be helpful to confirm these findings in vitro.
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This study provided evidence that Gal-9 is released by endothelial cells and it has been
previously shown that it is increased in serum and plasma of patients with inflammatory
diseases. Furthermore it was demonstrated that exogenous, soluble Gal-9 plays a role
in the regulation of inflammatory responses. However, there is still a great lack of
understanding in how Gal-9 is released by cells. Using broad spectrum inhibitors of
known proteases to screen if Gal-9 release can be blocked could provide a better
understanding in the mechanisms involved in the release of Gal-9. Depending on these
findings potential targets can be narrowed down and more specific inhibitors or knock
down models could be used. Furthermore, extracellular vesicles (EVs) have previously
been shown to contain galectins. If they contain Gal-9 should be determined by
isolating EVs from cell culture medium and determining Gal-9 contents via for example
Western blot. If Gal-9 is present in EVs, a better characterisation of these vesicles
using nanoparticle tracking analysis and electron microscopy might be useful to better

understand their role.

Furthermore, shear stress is known to modulate gene expression in endothelial
cells®’*. Whether Gal-9 expression can also be regulated through shear stress remains
unknown. However, since it is well known that atherosclerotic plaque formation occurs
predominantly in areas of disturbed laminar flow, shear stress regulated expression of
Gal-9 should be investigated. To assess this, Gal-9 expression in endothelial cells
exposed to different shear stress profiles in vitro should be analysed. These findings
could be furthered by in vivo studies in mice using cuffs implanted around the carotid
arteries and subsequent analysis of Gal-9 expression in the areas exposed to different

flow conditions due to the cuff.

Role of Intracellular vs. extracellular/exogenous Gal-9
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While findings in this study clearly demonstrated an interaction of Gal-9 with
monocytes and macrophages, the Gal-9 ligand(s) on these cells remains unknown.
Performing co-immunoprecipitation using antibodies targeting Gal-9 and subsequent
mass spectrometric analysis of samples will determine these ligands. These can be
confirmed using, for example, blocking antibodies. Furthermore, whether the
interactions are glycan-dependent can be analysed by including lactose in the assays.
This study provided evidence that Gal-9 induces the release of pro-inflammatory
cytokines in macrophages. RNA sequencing can be employed for pathways analysis
of macrophages treated with Gal-9. These findings could then be confirmed in vitro

using inhibitors against parts of pathway.

Furthermore, Gal-9 is known to bind specific glycans and it is known that glycosylation
of cells can be altered in diseases. Whether aging or peripheral arterial disease also
alter the glycosylation of monocytes is unknown but could provide better understanding
of how increased capture of PBMCs of PAD patients by Gal-9 under flow is obserbved.
Therefore, glycomic analysis using glycan isolation and subsequent mass
spectrometric analysis of monocytes of HY, HA and PAD should be performed to

determine the glycosylation patterns of these cells.

Role of Gal-9 in monocyte migration

This study has demonstrated for the first time that Gal-9 acts as capture and adhesion
molecule for monocytes under physiological flow. This data was supported by zymosan
induced peritonitis models in Gal-97"- mice which showed reduced leukocyte
recruitment into the peritoneal cavity compared to WT mice. However, whether

endothelial Gal-9 alone acts in monocyte recruitment, as indicated in findings in this
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thesis or whether monocytic Gal-9 also plays a role needs further investigation.
Therefore, generation of endothelial specific and monocyte specific Gal-9 knock out
mice would be a helpful tool in uncovering the role of Gal-9 in the respective cell type

during monocyte recruitment.

Furthermore, this study only provides information of monocyte capture by Gal-9.
However, whether Gal-9 affects monocyte subsets differently remains to be
determined. Since it is known that monocyte subsets have different roles during
inflammation, better understanding of their Gal-9 mediated capture and adhesion might
provide a potential therapeutic target. To investigate this, human monocyte subsets
from whole blood using CD14 and CD16 coated microbeads could be isolated and

perfused over recombinant Gal-9 or endothelial cells treated with Gal-9 siRNA.

While Gal-9 mediated capture was reported in this study in vitro, further studies are
required to understand its role in vivo. Determine whether endothelial Gal-9 can
capture monocytes in the absence of selectins. For example, whether Gal-9 can act
alone as capture molecule without the support of selectins could be investigated by
knocking down Gal-9 and E-selectin in endothelial cells for flow adhesion assays.
Findings from these experiments could be confirmed in vivo by generating Gal-9”- and
E-selectin’ or L-selectin’- double knock out mice and performing in vivo imaging

experiments of leukocyte trafficking.

Leukocyte migration is also dependent on the respective tissue, due to different shear
stress and endothelial cells for example. Whether there are tissue specific differences
in Gal-9-modulated monocyte migration remains unknown. To investigate these

further, endothelial cells from different tissues, for example human aortic endothelial
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cells or human liver-derived endothelial cells could be used in vitro to determine their
Gal-9 expression levels and to use them in flow adhesion assays. Furthermore, in vivo
imaging of leukocyte migration in different tissues of Gal-97- and WT mice could be

used.

Gal-9 in atherosclerosis

The results of this study have highlighted that Gal-9 contributes to atherosclerotic
plague formation by contributing to monocyte migration and a pro-inflammatory
phenotype in macrophages. However, whether Gal-9 also plays a role in lipid uptake
by macrophages and foam cell formation, a crucial step in atherosclerotic plaque
formation, remains unknown. The generation of Gal-9 deficient macrophages from
bone marrow cells of Gal-97- mice and treatment of these cells with oxLDL to quantify
lipid uptake and foam cell formation could provide important information on the role of
Gal-9 in this mechanism. Since the roles of intracellular and exogenous Gal-9 can
differ, treatment of BMDM of WT mice with oxLDL in the presence of Gal-9 would be
important to distinguish the role of intracellular and exogenous Gal-9 in this process.

Characterise Gal-9 protein expression within plagues.

RNA sequencing data in this study has shown that Gal-9 is expressed in leukocytes,
particularly macrophages, in plaques. Whether the same expression patterns occur on
a protein level should be determined performing immunohistochemical analysis of Gal-
9 in aortic root sections. Flow cytometric analysis of Gal-9 expression of cell types such
as leukocyte subsets, endothelial cells and smooth muscle cells from atherosclerotic

aortas of mice could provide information on Gal-9 expression in plaques.
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While the mechanisms involved in atherosclerotic plaque progression are well
understood, mechanisms inducing or contributing to atherosclerotic plaque regression
remain poorly understood. Data from RNA sequencing in this study has shown that
Gal-9 mRNA levels are decreased in macrophages of regressing plaques. Further
studies should be performed to investigate the role of Gal-9 in atherosclerotic plaque
regression and whether Gal-9 removal is required for regression. Using atherosclerotic
plague regression models such as caloric restriction of high fat diet in Gal-97- mice and
subsequent analysis of plaques of these mice could provide valuable information of

the role of Gal-9 in atherosclerotic plaque regression.
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