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ABSTRACT
This thesis explores how galectins, sugar-binding proteins, influence leukocyte
trafficking during inflammation. Galectins (Gal) are known to be involved in

inflammation, but specific endothelial-galectin interactions remain unclear.

We investigated how inflammatory mediators and shear stress affect the production
of endothelial galectins and found that Gal-9 was highly produced in response to virus-
associated inflammatory mediators. In contrast, Gal-3 (Gal-3) was downregulated
under the same conditions. Interestingly, blood flow patterns also influenced galectin

production.

We studied the function of galectins using Gal-knockout mice for intravital microscopy
to study leukocyte trafficking events in the absence of galectins, which we then
mimicked using in vitro flow assays using siRNA-to knockdown galectin expression in
human umbilical vein endothelial cells (HUVEC). Our results suggest that Gal-3 and
Gal-9 have distinct roles in leukocyte trafficking. Finally, we used a galectin-
peroxidase fusion protein to proximity label Gal-3 interactors on HUVEC in response
to cytokine treatment, for downstream identification of novel interactors through mass

spectrometry and validation experiments.

Overall, we show that galectins are emerging as complex glycan-binding proteins with
context-dependent functions, presenting a rich area for further exploration into their
contributions to immune homeostasis and potential therapeutic opportunities,

particularly targeted to leukocyte-endothelial interactions.



“Joy for humans lies in human actions.

Human actions: kindness to others, contempt for the senses, the interrogation of
appearances, observation of nature and of events in nature.”

Marcus Aurelius, Meditations

VIII, 26

“You are the universe experiencing itself...

...The hallucination of separateness prevents one from seeing that, to
cherish the ego is to cherish misery.”

Alan Watts

"Craft your intention with purpose, summon courage as your companion, embrace the
boundless possibilities of the world. Trust that destiny unfolds, effortlessly, when
aligned with the rhythm of the universe.

Then, you’ll see what a wonder it is to be alive.”

Abbey Lightfoot, using ChatGPT
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CHAPTER 1: INTRODUCTION



1.1 OVERVIEW

Inflammation is a protective and necessary response aimed at resolving perturbations
in homeostasis within the body. This localised response is triggered by tissue injury,
infection and/or other trauma resulting in a cascade of immunological responses that
continue until damage is resolved. Inflammation can be classified as either acute or
chronic; the five signs of acute inflammation are redness, swelling, heat, pain, and loss
of function at the site of injury. These symptoms are brought about by an increase in
white blood cells, cytokines and blood flow to the local area initiated by the innate
immune response. This prompt response takes just a matter of seconds to commence,
resulting in inflammation that may last between a few hours, a couple of days, or until
the components of damaged tissue and infection are removed. In the case of chronic

disease, inflammation can last a lifetime.

During onset of this inflammatory response, first-responders and tissue-resident
leukocytes residing in the damaged area release soluble mediators that result in
endothelial cell activation, whereby the expression of several adhesion molecules is
upregulated to aid in subsequent leukocyte recruitment. Blood volume within the
affected tissue becomes increased to facilitate this process, as well as increased
vascular permeability in the surrounding blood vessels to allow the leakage of plasma
fluid, resulting in oedema. This process generally takes place in the post-capillary
venules of the skin and muscles, meanwhile, specialised endothelium which lines
capillaries in the lung, liver and kidney are the facilitators of leukocyte trafficking in

these tissues (Aird 2007).

Extravasation of leukocytes, namely neutrophils and macrophages, from nearby

vessels towards the site of injury or infection is necessary for a specialised response



which is largely dependent on the initial insulting stimuli. For example, pathogen-
associated molecular patterns on the surface of bacteria and viruses are recognised
by pattern recognition receptors (PRRs), such as toll-like receptors (TLRs) which leads
to activation of signalling pathways and subsequent NF-kB, IRF and ERK-dependent
gene transcription of pro-inflammatory soluble mediators, including IFNs, TNFa and
IL-18 (Parmar et al. 2006). The immune response raised in sterile inflammation is
similar to that of infection, except damage-associated molecular patterns (DAMPS) of
endogenous proteins are recognised by PRRs instead (Roh and Sohn 2018).
Additional soluble mediators such as IL-33 and S100 proteins released from necrotic
cells, are recognised by non-PRRs, or DAMP-specific receptors that include the class
of Receptor for Advanced Glycation end-products (RAGES). The expression of soluble
mediators from innate immune cells following injury and infection act as chemical
messengers to initiate responses from cells belonging to the adaptive immune system
as well as triggering immunological memory. Initiation of the adaptive immune
response is necessary for the body to recognise and resolve future incidents of
previously encountered injury quickly and more efficiently, through the development

of immunological memory within lymphocytes and natural killer cell population.

Inflammation is a critical response in the body’s immune defence against injury and
infection and is necessary for restoring homeostasis. If this response becomes
dysregulated or remains unresolved, acute inflammation can soon turn chronic,
resulting in disease. It is necessary to interrogate the mechanisms of the immune
response and the specific interactions occurring at all stages of the process of
inflammation, initiation and resolution, to understand which pathways or interactions
might be becoming dysregulated in disease and could be druggable for treatment and

even prevention of chronic disease.



1.2 Endothelial Heterogeneity

Endothelial cells (ECs) exhibit heterogeneity in structure, function, and gene
expression across different vascular beds and organs. This heterogeneity is a
fundamental property of the endothelium, allowing it to adapt to the diverse needs of
underlying tissues and microenvironments. There are two substantial mediators of
endothelial heterogeneity. Firstly, differences in the extracellular milieu; such as shear
stress levels, blood components such as nutrients, toxins, and pH which EC’s can
sense and respond to these environmental cues, generating phenotypic differences
across the vascular tree (Aird 2007). Secondly, epigenetic mechanisms that are site-
specific properties "fixed" and retained even when ECs are cultured in vitro, providing
genome-wide evidence for the importance of epigenetics in mediating differential gene

expression (Chi et al. 2003).

Human umbilical vein EC (HUVEC) have been extensively used as a model for
studying endothelial cell function and leukocyte recruitment in both static and flow
systems due to their ability to become activated following treatment with inflammatory
mediators and effectively support neutrophil adhesion and migration. ECs show intra-
tissue heterogeneity within the vascular tree (arteries, veins, capillaries) and inter-
tissue heterogeneity across different organs (Aird 2007). Macro-vessels, including
veins and arteries, are critical for circulating blood throughout the body, delivering
oxygen to vital organs and tissue and to the liver and kidneys for removal of waste
products. The characteristics and functions of microvessels, such as arterioles and
venules, is highly dependent on the environmental context in which they are found.
Inter-tissue heterogeneity allows ECs to perform specialised functions, such as liver

sinusoidal ECs (LSEC) which participate in metabolism and detoxification.



LSEC are the site at which leukocyte trafficking takes place within this tissue
microenvironment (Shetty, Lalor, and Adams 2018). Large portal veins transport blood
from the gastrointestinal tract to the liver, where blood travels through specialised
sinusoidal capillaries to join the central vein. The hepatic arteries provide the
necessary oxygen to the surrounding cells and tissue, flowing into the sinusoids where
blood from the portal vein is cleansed before returning to the central vein and towards
the heart. It is probable that the reason for differences in the blood vessels and
ultimately the endothelial cells at each site is due to the spatial and temporal
differences in the extracellular environment. Three subsets have been detailed:
continuous, fenestrated, and discontinuous endothelium; defined as either tightly
connected ECs surrounded by continuous basement membrane (continuous), a
subset of which may contain holes or fenestra (fenestrated) to facilitate the selective
exchange of nutrients, hormones, and waste products between the blood and
surrounding tissues (Miyata 2015); and finally, endothelium containing fenestrae and
a poorly formed basement membrane (discontinuous) (Favero et al. 2014). Tight cell-
cell junctions of continuous endothelium are necessary and abundant in blood vessels
forming the blood-brain barrier, preventing leakage and diffusion of substances by

using only highly specific and regulated transportation mechanisms.



1.3 Immune Response and Inflammation

Leukocyte recruitment to the site of injury is a crucial event in the regulation of an
inflammatory response. Tight regulation of interactions between the endothelium and
circulating leukocytes is necessary to ensure a protective response to injury does not
result in uncontrolled inflammatory disease. The leukocyte trafficking cascade is a
crucial element to the inflammatory response and can be broken down into five major

steps; Capture, rolling, firm adhesion, crawling and transmigration.

1.3.1 Capture and rolling

Glycans are one of the four major components that constitute cells, accompanied by
nucleic acids, proteins, and lipids. Recognition of specific glycan motifs by glycan-
binding proteins (lectins) is crucial for facilitating highly sophisticated cross-
communication between leukocytes in the bloodstream and endothelial cells (ECs)
lining the blood vessels (Krautter and Igbal 2021). Several key lectins (E-, L- and P-
selectins and Cluster of differentiation [CD] 44) have already been identified as
important mediators of leukocyte recruitment and trafficking at the site of injury in the

initial stages of the immune response (Krautter and Igbal 2021).

Upon injury or infection, tissue-resident immune cells release pro-inflammatory factors
such as reactive oxygen species (ROS) and proteases that partially degrade
glycoprotein components of the glycocalyx; an EC-expressed matrix that serves to
shield the vessel walls from direct exposure to blood components and flow (Sieve,
Minster-Kuhnel, and Hilfiker-Kleiner 2018; Reitsma et al. 2007). Glycosaminoglycans
(GAGS) in the reduced layer of the glycocalyx bind and immobilise chemokines,

accompanied by the activation of ECs leading to the upregulation of surface expressed



adhesion molecules (Marki et al. 2015). Hemodynamic forces facilitate the outward
movement of leukocytes towards the endothelial wall, in a process known as
margination, enabling interactions between leukocytes and the newly exposed

adhesion molecules displayed on the endothelium (Marki et al. 2015).

The molecules facilitating the initial capture of leukocytes to the endothelium are
formed from weak and low affinity interactions. Carbohydrate-binding proteins (lectins)
displayed on the surface of activated ECs, namely selectins (E- and P-selectins),
reduce the velocity of leukocytes rolling along the endothelium through binding to
heavily glycosylated counter-receptors (PSGL-1, P-selectin glycoprotein ligand-1
[CD162]). This slow rolling facilitates leukocyte activation, whereby expression of
ligands and receptors required for stable interactions and firm adhesion between
leukocytes and endothelium are upregulated (Figure 1A) (Nourshargh and Alon

2014).

1.3.2 Activation and firm adhesion

Upon leukocyte activation, conformational changes in integrins (MAC-1, Macrophage
antigen-1 [CD11b/CD18]; VLA-4, very late antigen-4 [CD49d/CD29]; and LFA-1,
lymphocyte function-associated antigen-1 [CD11a/CD18]) are induced to facilitate firm
adhesion of leukocytes to the endothelium. EC-expressed immunoglobulin
superfamily adhesion molecules (ICAM-1, Intercellular Adhesion Molecule 1 [CD54]
and VCAM-1, Vascular cell adhesion protein 1 [CD106]) serve as binding partners to
leukocyte integrins (Herter and Zarbock 2013). These proteins are overexpressed in
endothelial cells following stimulation with pro-inflammatory mediators and prime the
ECs for leukocyte trafficking. This process of firm adhesion triggers the release of

calcium ions (Ca2*), following the engagement of integrin receptor-ligand complexes



that activate Phospholipase C (PLC) to mobilise inositol phosphate signalling molecule
— IP3, and diacylglycerol (DAG), and intracellular release of calcium ions from

endoplasmic reticulum stores (Hellberg et al. 1996).

This interaction between integrins and adhesion molecules also initiates the
reorganisation of the actin-cytoskeleton to facilitate spreading of leukocytes across the
endothelium and for intraluminal crawling and transmigration into the tissue (Ley et al.

2007; Kinashi 2005).

1.3.3 Crawling and transendothelial migration

Leukocyte intraluminal crawling along the endothelium is driven by
phosphatidylinositol-3 kinase (PI13K) phosphorylation of phosphatidylinositol (3,4,5)-
biphosphate (PIP2) to PIP3 (triphosphate), and subsequent Racl/2-mediated F-actin
polymerisation to form cellular protrusions at the front of the neutrophil, taking the lead
(Filippi 2019). Meanwhile, phosphatase and tensin homolog (PTEN)-mediated
dephosphorylation of PIP3 to PIP2, and RhoA-driven actomyosin contraction at the
rear of the cell allows the rest of the leukocyte to follow (Filippi 2019). Traversing of
the leukocyte along the endothelium is required for initiation of transendothelial
migration (TEM) to the tissues. Migration of leukocytes through the endothelium
occurs either at endothelial junctions between ECs (paracellular) or through the body
of the EC itself (transcellular), facilitated by leukocyte-integrin binding to junctional
adhesion molecules (JAMs) and PECAM-1 [CD31] expressed on the EC surface
(Figure 1A) (Ley et al. 2007). LFA-1, expressed on the neutrophil surface, provides

the ligand for JAMSs to initiate transmigration (Ostermann et al. 2002).



Moreover, it has also been discovered and described that neutrophils can engage in
reverse transendothelial migration (rTEM) in which neutrophils migrate from the
abluminal space into the luminal space in a process discovered to be dependent on
JAM-C (Buckley et al. 2006; Woodfin et al. 2011). Whilst this process is necessary in
preventing the accumulation of neutrophils at the site of inflammation and the
subsequent resolution of inflammation, it is speculated that rTEM might also be

responsible for initiating systemic inflammation (Xu et al. 2022).

Expression of selectins is low within the liver sinusoids since the low shear
environment omits the requirement for tethering and rolling of leukocytes to the
endothelium prior to trafficking (Shetty, Lalor, and Adams 2018). ICAM-1 and VCAM-
1 are similarly upregulated in LSEC following their activation, with ICAM-1 mediating
leukocyte binding through alLp2 receptors, and VCAM-1 mediating lymphocyte
capture via a4p1 integrin binding (Wilkinson, Qurashi, and Shetty 2020). Tissue-
resident macrophages - Kupffer cells are the primary respondents to infection and

inflammation in this microenvironment.

Whilst many aspects of the leukocyte trafficking cascade have been studied in detail,
there remains more to uncover and understand. Specifically, the galectin family of
glycan-binding proteins have recently come to light as functionally important
immunoregulatory proteins with involvement in leukocyte activation, apoptosis and in
mediating leukocyte adhesion and migration (Figure 1B) (Rabinovich et al. 2007)
(Cooper et al. 2012). Enhancing our understanding of the regulators of galectin
expression and their roles in mediating leukocyte trafficking, could uncover novel
mechanisms of inflammation and highlight distinctive opportunities for the treatment

of IMIDs.



1.34 Role of haemodynamic forces in recruitment

Tight regulatory mechanisms are required to ensure leukocyte recruitment occurs only
when appropriate, as such ECs can detect and respond to environmental changes
such as the haemodynamic forces of blood flow (Matharu et al. 2006; Nash, Buckley,
and Ed Rainger 2004). Mechanosensitive proteins on the ECs recognise homeostatic
continuous pulsatile and laminar blood flow which supresses nuclear-factor kappa-B
(NF-kB) transcription factor via the MEK5/ERKS (mitogen-activated protein kinase 5-
extracellular signal-regulated kinase 5) pathway. Consequently, this prevents initiation
of an inflammatory response through downregulating expression of adhesion
molecules to ensure leukocytes are not unnecessarily or inappropriately recruited to

the endothelium (Parmar et al. 2006).

The effects of haemodynamic forces also influence the various stages of the leukocyte
trafficking cascade. Pre-exposure of neutrophils to 0.1-2.75 dyn/cm? shear stress has
been reported to positively assist the neutrophil responses to chemoattractants,
namely platelet-activating factor (Mitchell, Lin, and King 2014). One study reports that
transitions between ‘catch’ and ‘slip’ neutrophil behaviours observed in the adhesion
and rolling stages becomes stronger with increasing shear stress, as P-selectin
complexes with P-selectin glycoprotein are first prolonged and then shortened to
facilitate the movement of neutrophils along the endothelium (Marshall et al. 2003;
Finger et al. 1996). Around 10-fold lower shear stress conditions (0.2 dyn/cm?) are
favoured for the transition from selectin-mediated adhesion and rolling into firm
adhesion, facilitated by integrin-interactions preceding transmigration (Lawrence et al.
1997). Finally, one study has reported that transmigration of leukocytes through

inflamed endothelium is reliant on the presence of shear stress, not necessarily on the
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magnitude of shear stress (Cinamon, Shinder, and Alon 2001). Contrary to this,
another study reports that shear stress is not required for transmigration, though does
accelerate the process (Kitayama et al. 2000). In summary, it is advantageous to study
leukocyte-endothelial interactions as closely to physiological conditions as possible to

mimic the events occurring in situ.

Another consideration is the interconnectedness of haemodynamics and the
glycocalyx in blood vessels. The glycocalyx, a dense and uneven layer of
glycoproteins and glycolipids covering the inner surface of blood vessels, serves
several functions including acting as a mechanical sensor of blood shear force, a
selective permeable barrier for the blood vessel wall, and a bridge for interactions
between blood circulating cells and endothelial cells (Cosgun, Fels, and Kusche-
Vihrog 2020). Research has identified the glycocalyx as a key mechano-sensor of the
shear forces exerted by streaming blood onto the vascular endothelium that when
damaged, can lead to endothelial dysfunction, inflammation, and coagulation
cascades (Lupu, Kinasewitz, and Dormer 2020). Therefore, the integrity of the
glycocalyx is vital for maintaining vascular homoeostasis, and its disruption can play
arole in various vascular diseases. In summary, the glycocalyx plays a crucial role in
responding to haemodynamic forces, and its impairment can have significant

implications for vascular function and health.
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Figure 1: Glycan-binding proteins regulate endothelial-leukocyte interactions in
inflammation.

(A) Protein-protein and protein-glycan interactions are crucial regulators of leukocyte-endothelial
interactions involved in the leukocyte adhesion cascade. Firstly, glycosaminoglycan (GAG)-presented
chemokines promote leukocyte margination to the vessel wall. Capture and rolling of leukocytes along
the endothelium is facilitated by interactions between selectins and their ligands such as P-selectin
glycoprotein ligand (PSGL)-1. This interaction leads to cell activation and conformational changes in
leukocyte integrins including Very Late Antigen (VLA)-4, Macrophage (Mac)-1 antigen and lymphocyte
function-associated antigen (LFA)-1 that then interact with adhesion molecules such as Vascular Cell
Adhesion Molecule (VCAM)-1 and Intracellular Cell Adhesion Molecule (ICAM)-1 to facilitate adhesion
and intraluminal crawling. Finally, transmigration through the endothelial cell (EC) layer is mediated by
homophilic interactions between platelet EC adhesion molecule (PECAM)-1 and junctional adhesion
molecule (JAM). (B) B-galactoside binding galectins facilitate and inhibit leukocyte trafficking to the
endothelium to promote pro- and anti-inflammatory responses. Galectin-1 inhibits leukocyte-endothelial
interactions to promote an anti-inflammatory phenotype, whilst galectin-3, -8 and -9 facilitate pro-
inflammatory leukocyte trafficking. Figure adapted from (Lightfoot, McGettrick, and Igbal 2021).
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1.4 Galectins

Galectins are a class of carbohydrate-binding proteins, specifically recognising (3-
galactoside-containing glycan side chains on proteins and lipids via their unique
carbohydrate recognition domains (CRD) (Nabi, Shankar, and Dennis 2015). At
present, 15 members of galectins have been identified in mammals, of which 12 are

associated with genes found in humans (https://www.ncbi.nlm.nih.gov/genbank/)

Galectins-1, -3, -8 and -9 are amongst the most studied members since many of their
functions have been closely linked to inflammation and disease (Liu and Rabinovich
2010). Importantly, murine and human galectins share approximately ~79% protein
sequence homology (Consortium 2020), allowing their function to be studied in pre-
clinical murine models. Galectins can be classified into three distinct groups;
prototype, tandem repeat, and chimeric as determined by their structural properties
(Figure 2). Oligomerization of galectin monomers is typically required for the formation
of functional galectin-glycan lattices on the surface of cells (Rabinovich and Toscano
2009). Additionally, and despite the absence of a classical secretory signal, galectins
are released into the extracellular compartment and mediates extracellular matrix
(ECM) assembly and remodelling through binding to ECM components (laminin,

fibronectin and vitronectin) (Camby et al. 2006).

Key conserved amino acids in the CRDs across different galectins are responsible for
the specific binding to B-galactoside-containing glycans. Despite these similarities,
each galectin type reserves specificity for particular branched glycan’s and glycan
motifs attached to proteins and lipids alike (Figure 2) (Hirabayashi et al. 2002). For
example, the presence of a2,6-linked sialic acid prevents binding of galectin-1 to

glycan chains, whilst the same motif enhances the affinity of galectin-8 for its ligand,
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determining important interactions regulating inflammation (Figure 2) (Rabinovich and
Toscano 2009). The structural determinants of galectin-glycan recognition have
recently been reviewed in (Modenutti et al. 2019). The effects of glycan modification
on galectin—glycan interactions have been reviewed elsewhere and are summarised
in Figure 2 (Rabinovich and Toscano 2009; Nielsen et al. 2018). Whether or not
structural differences contribute to distinct roles for individual galectin members is yet
to be fully elucidated and since galectins are expressed by many cell types it is
important to consider both the exogenous and endogenous function of galectins in the

context of specific cell types and their physiological interactions.
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The classification of galectins into prototype, tandem-repeat and chimera types is based on the number
of carbohydrate recognition domains (CRDs) they contain. Each galectin type reserves high specificity
for certain glycan motifs. Figure adapted from Lightfoot et al. 2021.
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1.4.1 Regulation of galectin expression in inflammation

To play a role in leukocyte trafficking, galectins must be present at the site of
inflammation where endothelial-leukocyte interactions occur. Expression of galectin-
1, -3, -8 and -9 mRNA and protein have been detected in in vitro cultured human macro
and microvascular ECs, with expression largely intracellular (Thijssen, Hulsmans, and
Griffioen 2008). The release of soluble galectin-1 and -8 from human macro- or
microvascular ECs respectively, has also been reported (He and Baum 2006;
Cattaneo et al. 2014). Immunohistochemistry (IHC) on sections of human placenta,
liver, kidney and colon tissue revealed that low levels of galectin-1 were consistently
detected, whilst galectin-3, -8 and -9 expression was detected at variable levels in
some but not all of the tissue sections (Thijssen, Hulsmans, and Griffioen 2008).
Interestingly, the cellular localisation of endothelial galectin expression is highly
variable between the different vascular tissue beds (Thijssen, Hulsmans, and Griffioen
2008; Baum et al. 1995). Specialised high endothelial venules (HEV) present in
sections of human lymph node and tonsil tissue showed higher levels of galectin-9
expression than ECs in other vascular beds (Chakraborty et al. 2021). Conversely,
galectin-3 was not detected, and galectin-1 expression was relatively low in HEV from
healthy human lymph node sections (Stillman et al. 2006)(Baum et al. 1995). The
variable expression of galectins reported in lymphoid tissues could be indicative of
distinct immunoregulatory roles between the galectin types and highlight key
considerations that must be made when comparing the cross-talk between endothelial
cells and leukocytes since the HEV reside within close proximity to leukocytes within

the tissue.
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An additional consideration when studying ECs is that they possess a complex system
of mechanosensitive proteins that respond to haemodynamic forces (Wragg et al.
2014). In response to physiological blood flow, ECs maintain an atheroprotective
environment by suppressing gene expression of inflammatory, pro-apoptotic and
proliferative pathways via mechanotransduction pathways (Zhang et al. 2009). The
expression of integrins and adhesion molecules, including PECAM, are modulated via
this mechanism. Perturbations in shear stress can disturb EC mechanosensitive
protein signalling, contributing to the pathophysiological angiogenesis in tumour
vasculature where low shear stress is experienced, and driving inflammation in
atherosclerosis-prone vascular niches and flow-obstructing pathologies where shear
stress is disturbed (Cunningham and Gotlieb 2005; Mura et al. 2012a). Deep
sequencing of the transcriptome of HUVEC and human aortic EC (HAEC) in response
to patterns of shear stress has identified changes in expression of galectins not only
in response to specific flow patterns, but also across EC type (Maurya et al. 2021).
Collectively, these findings suggest that expression of individual galectins is highly
dependent on the tissue microenvironment and that a more in-depth comparison of
the patterns of galectin expression across different vascular beds could be insightful

for understanding galectin regulation and function in this context.

As is the case with many immunoregulatory proteins, galectin expression is modulated
with EC activation in response to inflammatory mediators, pathogen exposure, and
injury (Thijssen, Hulsmans, and Griffioen 2008; Ishikawa et al. 2004) (Imaizumi et al.
2002; Ayona et al. 2020). A concentration-dependent increase in expression of
galectin-9 mRNA and protein was observed in vitro following treatment of primary
HUVEC with double-stranded RNA viral mimetic, polyinosinic-polycytidylic acid

[poly(I:C)], a TLR3 ligand (Ishikawa et al. 2004; Imaizumi et al. 2002). Similarly,
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through the TLR4 pathway, lipopolysaccharide (LPS) stimulation up-regulated surface
expression of galectin-8 in human microsvascular EC (HMVEC), suggesting a specific
role for galectins in viral and bacterial related infections (Cattaneo et al. 2014). More
basic chemical mediators involved in acute and chronic immune responses have also
been shown to differentially regulate endothelial galectin expression. Surface
expression of galectin-3 on HUVEC is increased in response to treatment with I1L-1(3
(Rao et al. 2007b). Interestingly, stimulation of HUVEC with IFN-B/y did not increase
expression of galectin-3 (or galectin-1), though a significant increase in galectin-9
surface expression was observed (Chakraborty et al. 2021). More complex cocktails
of soluble disease mediators, such as those released in the conditioned culture
medium from colon carcinoma cell lines and in mixtures of oxidised low-density
lipoproteins, a known driver of atherosclerosis and cardiovascular disease, stimulated
galectin-1 translocation to the cell surface in HUVEC and HAEC (Thijssen, Hulsmans,
and Griffioen 2008; Baum et al. 1995). The link between increased galectin expression
and inflammation is well established, and elevated levels of galectin-3 in the serum
and tissue of IMID patients is now recognised as a biomarker for detecting early stages
of autoimmune and chronic inflammatory disease (Hara et al. 2020). Similarly,
elevated serum levels of galectin-3 are detected in various cancers and even more so
in metastatic disease, correlating with increased levels of metastasis-promoting
cytokines released from vascular endothelial cells (Chen et al. 2013). The galectin
expression profile within the tumour vasculature itself highlights a role for endothelial
galectins in disease pathogenesis, where soluble factors secreted from tumour cells
have been shown to induce galectin-1 expression and translocation to the EC surface
to promote tumour angiogenesis and inhibit T-cell migration across the endothelium

(Thijssen, Hulsmans, and Griffioen 2008; Thijssen et al. 2010; He and Baum 2006).
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The link between galectins and tumour angiogenesis, metastasis, and immune
suppression could make for an attractive immunotherapy target in combination with
currently available cancer therapeutics. Blockade of vascular endothelial growth factor
(VEGF) is the current standard of targeted anti-angiogenic therapy and offers variable
treatment efficacy dependent on the cancer type (Vasudev and Reynolds 2014).
Perhaps galectin-1 could be a more appropriate and effective target, even more so if
used in combination with targeted therapy such as CAR-T cells to increase tumour
infiltration. As has been confirmed with in vitro studies, galectin expression in
leukocytes is also modulated in response to stimulation with various inflammatory
mediators and could be a major influence on the differential expression observed in
inflamed tissue and patient serum samples (Krautter et al. 2020). As such, soluble
galectins released from immune cells can contribute to the differential levels of
galectins observed in inflamed tissue and circulation, potentially counteracting
endothelial cell-bound and/or expressed galectin functions. Distinguishing the specific
effects of endothelial galectins on leukocyte trafficking and pathogenesis from the
roles of alternative sources of galectins in the inflamed microenvironment is necessary

to fully explore the potential for therapeutic intervention.

1.4.2 Leukocyte trafficking regulation by endothelial galectins

The interaction between glycans and glycan-binding proteins is crucial at all stages of
leukocyte trafficking (Krautter and Igbal 2021) and remains an active area of research.
A large proportion of the literature investigating galectins in inflammation report pro-
and anti-inflammatory functions of exogenous galectins. In the absence of
inflammatory stimuli, galectin-1 has been reported to promote neutrophil migration in

vitro via both chemotaxis and chemokinesis depending on the concentration used,
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responsive to 25 nM and 250 nM respectively (Auvynet et al. 2012). Conversely, in
the presence of acute inflammatory mediators IL-8 and TNFa, neutrophil chemotaxis
was inhibited by galectin-1 (La et al. 2003; Cooper, Norling, and Perretti 2008).
Similarly, the transmigration of modified T-lymphocyte cell lines across stimulated
HUVEC was significantly inhibited by galectin-1 compared to unstimulated HUVEC
(He and Baum 2006). Local injection of galectin-3 into the dorsal air pouch was shown
to increase monocyte infiltration (Sano et al. 2000). More recently, galectin-3 was
shown to directly dimerise with the chemokine CXCL-12 via an interface containing
the GAG-binding motif, inducing anti-chemokine effects and inhibiting CXCL-12-
induced migration of monocytic THP-1 cells and neutrophils in vitro (Eckardt et al.
2020). This latter finding could indicate an endothelial-specific galectin function
whereby soluble galectin-3 released from ECs binds to the cell surface to mediate the
interaction between leukocytes and CXCL-12. This concept is supported by the study
from Yamamoto et al.,, which reported enhanced binding of T-cells, B-cells,
neutrophils, eosinophils and monocytes to HUVEC following pre-incubation with
increasing concentrations (0 - 2 uM) of both galectin-8 and -9 (Yamamoto et al. 2007).
Interestingly enhanced binding was not observed with galectin-1 or -3, although others
have shown that oligomerisation of galectin-3 at the EC surface was observed by
fluorescence resonance energy transfer (FRET) and facilitated leukocyte clustering at
the tricellular corners of HUVEC monolayers where leukocytes preferentially
transmigrate (Nieminen et al. 2007). Galectin-9 was originally identified as a potent
chemoattractant and activator of eosinophils (Matsumoto et al. 1998)It has since also
been shown to bind to protein disulfide isomerases on T-helper 2 cells (Th2),
influencing their migration through recombinant galectin-9 coated matrigel by

increasing the reduction of disulfide bonds on integrins (Bi et al. 2011). In the absence
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of inflammatory stimuli, galectin-9 has been shown to significantly induce monocyte
chemotaxis in vitro compared to control (O'Brien et al. 2018). This finding was also
supported in vivo, with increased monocyte and macrophage infiltrate in isolated knee
tissue from mice receiving galectin-9 via intra-articular knee injection (O'Brien et al.
2018). The earlier reports strongly suggest a positive role for galectin-9 in driving Th2-
type immune responses that could be contributing to the development of diseases
such as allergic asthma. However, the substantial increase in galectin-9 expression in
ECs following stimulation with Poly:IC and IFNy, and the increased monocyte and
macrophage infiltrate observed in response to galectin-9 injection, suggests that
galectin-9 mediated immune responses may be broader than Th2-type only. Together,
these findings highlight a potential role for galectins as both pro- and anti-inflammatory
molecules affecting leukocyte trafficking dependent on the mediators and cell types in
the local microenvironment. It is also worth noting that the glycosylation patterns of
leukocyte surface molecules change upon cell activation, and as such, are worth
considering when studying the interactions between glycans and glycan-binding
proteins to elucidate context specific roles and functions. With only a limited amount
of research on the secretion of galectins from ECs, we cannot predict that the results
observed in response to exogenous galectins would translate to such function in vivo.
Thus, further investigation is required to understand the regulators of endothelial

galectin secretion and the impact of this on leukocyte migration in vivo.

Galectin knockout mice and knock-down studies have been invaluable for studying
the endogenous functions of galectins in a more physiological context. Galectin-1
appears to exhibit anti-inflammatory functions since extravasation to inflamed
cremaster tissue was enhanced in galectin-1 knockout mice compared to wildtype

(Cooper, Norling, and Perretti 2008). These mirrored in vitro results showing neutrophil
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recruitment and rolling along TNF-a stimulated HUVEC was enhanced following
galectin-1 knockdown in ECs (Cooper, Norling, and Perretti 2008). Similarly,
endogenous galectin-1 appeared to inhibit T-lymphocyte capture, rolling and adhesion
to stimulated HUVEC under physiological flow (Norling et al. 2008). Interestingly in an
acute model of oedema, we found that the absence of galectin-1 did not exacerbate
the inflammatory response and recruitment of leukocytes as predicted. This in part
was due to redundancy amongst galectins, as we demonstrated galectin-9 levels were
significantly elevated in these mice and could therefore potentially compensate for the
absence of galectin-1 and promote resolution (Igbal et al. 2011). Galectin-3 on the
other hand, has been shown to promote leukocyte recruitment in vivo, as impaired
slow rolling and emigration of leukocytes to IL-1 stimulated cremasteric postcapillary
venules of galectin-3 knockout mice were observed by intravital microscopy (Gittens
et al. 2017). Interestingly, these galectin-3 null mouse ECs showed reduced surface
expression of ICAM-1 and E-selectin following treatment with IL1-B and vehicle
compared to wildtype, suggesting endothelial function might be impaired in the
absence of endogenous galectin-3 (Gittens et al. 2017). There is limited research on
the roles of galectin-8 and -9 on leukocyte trafficking, especially in vivo. The correlation
between the results from in vivo studies using galectin knockout mouse models and
in vitro studies using galectin-knockdown ECs support the endogenous galectin
function on leukocyte trafficking and inflammation. Despite these convincing reports,
an endothelial-specific galectin knockout mouse model is necessary to explore and
understand mechanistic pathways and regulators of galectin function in the
endothelium. Several endothelial-specific Cre and Cre/ERT2 mouse models have
successfully been used in the vascular biology field and should be exploited to study

endothelial galectin function.
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Galectins have been shown to perform intra- and extracellular functions leading to
inflammation and autoimmune pathologies. Galectins act as both pro- and anti-
inflammatory mediators, involved in modulating leukocyte trafficking into tissue and
clearance of inflammatory infiltrate. Activation of the endothelium and subsequent
immune cell recruitment is a crucial event in the acute inflammatory response, though
over exposure to pro-inflammatory factors including chemical mediators, LDL
cholesterol and long-term changes in fluid shear stress may contribute to endothelial
dysfunction and subsequent chronic disease. Endothelial galectin expression has
been shown to be modulated in diseased tissue and in response to various
inflammatory mediators. Despite this observation, very little research has investigated
the regulators of- and the downstream consequences of endothelial galectin
expression on the immune response and inflammation under physiological flow
conditions. Therefore, we wish to study the roles of endothelial galectins in vascular

inflammation and the mechanisms that underlie this.
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1.5 Hypothesis and Aims

Glycan-binding proteins (GBPs) are key facilitators of leukocyte trafficking from the
bloodstream into tissue as part of the inflammatory response. Galectins, a class of
GBP, have key endogenous and exogenous functions within leukocyte populations
that promotes their recruitment to the site of inflammation and drives the development
of plaques within atherosclerosis. Despite the endothelium being a major source of
galectins, there is very little research on the function of endothelial-galectin
interactions driving leukocyte trafficking. We hypothesise that endothelial galectins are
key drivers of immune cell recruitment to the site of injury, making them an attractive
therapeutic target for treating chronic vascular inflammation. To challenge this

hypothesis, the following aims were addressed:

1. Investigate the expression of endothelial galectins in response to shear stress and

pro-inflammatory mediators.

2. Examine the role of endothelial galectins in leukocyte trafficking using a combination

of in vivo and in vitro methods under physiological flow.

3. Uncover novel protein interactors of exogenous galectin-3 on the surface of

endothelial cells.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Ethics

2.1.1 Human ethics

Human umbilical vein endothelial cells (HUVEC) were acquired from umbilical cords
from women undergoing elective caesarean section at Sandwell & West Birmingham
Hospitals (15/NE/0285). Neutrophils were isolated from the blood of one healthy donor

under study number 12/EE/0122.

Human liver sections were kindly provided by Dr Daniel Pattern and Prof Shishir Shetty
of the Centre for Liver and Gastrointestinal Research, Institute of Immunology and
Immunotherapy, University of Birmingham. Normal liver tissue was obtained from
rejected organ donors deemed unsuitable for transplantation under study numbers
06/Q2702/61 and 18/WA/0214. Diseased liver tissue was obtained from liver explants
from patients undergoing transplantation at the Queen Elizabeth Hospital Birmingham,

under study numbers 06/Q2702/61 and 18/WA/0214.

All tissue samples were obtained with prior written, informed consent and approval
from the West Midlands and Black Country Research Ethics Committee Northeast
Research Ethics Committee, or University of Birmingham Local Ethical Review

Committee in compliance with the Declaration of Helsinki.

2.1.2 Mouse ethics

All mouse experiments were carried out under procedural guidelines, severity
protocols and within the United Kingdom with ethical permission from the Animal
Welfare and Ethical Review Body (AWERB) and the Home Office. Unless otherwise

stated, all experimental animals were fed standard chow diet and water ad libitum and
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maintained on a 12-hour light-dark cycle under pathogen-free conditions. Unless
otherwise stated, all experiments were performed with mice weighing between 21 and

32 g, aged between 6- and 13-weeks.
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2.2 Human endothelial cell isolation and culture

Unless otherwise stated, all cultures of human endothelial cells were maintained at 37

°C and 5% CO:2 conditions.

2.2.1 Isolation of human umbilical vein endothelial cell (HUVEC) for cell culture

In preparation for cell seeding, 25cm? culture flasks (T25 flasks; BD Falcon, UK) were
pre-coated with 1% bovine skin gelatin (Type B G1393, Sigma-Aldrich, UK) solution
(2% stock diluted 1:1 in phosphate buffered saline PBS with magnesium and calcium
[PBS +/+]) for 30 minutes at room temperature (RT) before gelatin was aspirated and
the flask was ready for cell seeding. Human umbilical vein endothelial cells (HUVEC)
were isolated from cords as previously reported (Munir et al. 2015). Briefly, umbilical
cords were sprayed liberally with 70% ethanol and glass cannula were inserted into
the vein and secured with cable ties. The vein was flushed through with PBS, modified

without magnesium and calcium (PBS [-/-]), followed by air to remove residual liquid.

The vein was filled with 1 mg/ml collagenase type la (Sigma type IA, C2674; Sigma-
Aldrich) diluted in PBS (-/-) and incubated at 37 °C and 5% CO: for 15 minutes. Once
removed from the incubator, cords were gently massaged for 45 seconds using the
back of the knuckles. The cord was flushed through with PBS (-/-) followed by air for
recovery of cell suspension into a 50 ml collection tube before centrifuging at 300 xg
for 5 minutes. The cell pellet was resuspended in 4 ml HUVEC isolation media (Table
1), before seeding onto the gelatin coated T25 flasks. After a minimum of two hours
and up to 18 hours the media was replaced, and cells were grown to desired
confluency for passaging (Section 2.2.4) freezing (Section 2.2.5) or seeding (Section

2.2.6) for further experiments.
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Table 1: Media and constituents used for human tissue cell culture.

Component
HUVEC isolation media | HUVEC treatment | pHUVEC pHAEC
media
Basal medium Medium M199 (Gibco, | Medium M199 (Gibco, | Endothelial cell growth | Endothelial cell

31150022) 31150022) medium  (Promocell, | growth medium MV
C-22210) (Promocell, C-22220)
Fetal calf serum 20 % (Sigma-Aldrich) 20 % 20 ug/ml 50 ug/ml
rhEGF, ng/ml 10 (Sigma-Aldrich) 10 0.1 10
rhBFGF, ng/ml - - 1 -
Hydrocortisone, pug/ml 1 (Sigma-Aldrich) - 1 1
Heparin, ug/ml - - 90 90
Endothelial cell growth | - - 4 -
supplement, pg/ml
Penicillin-Streptomycin, U/mL | 100 (Gibco) 100 - -
Gentamycin, ug/ml - - - -
Amphotericin, ug/ml 2.5 (Thermo Fisher) 2.5 - -
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2.2.2 Expansion of cryopreserved endothelial cells

Commercial cryopreserved HUVEC and human aortic endothelial cells (HAEC) from
single donors (Promocell, Heidelberg, Germany) were recovered under sterile
conditions at passage 1 or 2 respectively, following the manufactures
recommendation. Briefly, cells were defrosted using a water bath by warming the vial
at 37 °C for two minutes, before recovering the contents in 1 ml of warmed complete
media ([pHUVEC and pHAEC, respectively] Promocell, Table 1). Cells were added to
a T25 flask and cultured for two hours before replacing the media. At 80-90% cell
confluency, cells were passaged 1:3 for a total of four or five passages for HUVEC

and HAEC respectively, following the protocol detailed in Section 2.2.4.

2.2.3 Washing and detachment of primary endothelial cells

At desired confluency, endothelial cells were washed with EDTA solution ((Sigma-
Aldrich): E8008; 0.02%) for 30 seconds before replacing with 2 mL of 1X 0.05%
Trypsin-EDTA (Gibco, Cat: 25300). HUVEC were incubated with room temperature
trypsin until cells began to detach (~ 2 min), followed by a firm tap to fully detach the
cells from the flask. Neutralisation of the trypsin was achieved by adding two volumes
of HUVEC isolation media followed by centrifugation at 300 xg for 5 minutes. Media
was aspirated and cell pellet reconstituted for passaging (Section 2.2.4), freezing

(Section 2.2.5) or seeding for experiments (Section 2.2.6).

2.2.4 Passaging of primary endothelial cells

Following washing and detachment (Section 2.2.3) of cells, cell pellets were
reconstituted in appropriate media before being placed into a new tissue culture flask.

Cells were evenly distributed across the flask by gently moving the flask from side to
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side and back and forth before returning the flask to the incubator until desired
confluency for freezing (Section 2.2.5) or seeding of cells for experiments (Section

2.2.6).

2.2.5 Freezing of primary endothelial cells

At 85 — 90% confluency, endothelial cells were washed and detached (Section 2.2.3)
and the cell pellet frozen in 10% DMSO in FBS; one T25 flask per cryovial [Greiner
Bio-One Ltd, Gloucestershire, UK] for in-house isolated HUVEC, or 1x10° cells/mL for
Promocell endothelial cells. Cryovials were placed into a Mr. Frosty™ Freezing
Container (Thermo Fisher), for 24 hours in the -80 °C, before being transferred to liquid

nitrogen for long term storage.

2.2.6 Seeding of endothelial cells for experimental assays

For seeding of cryopreserved cells, vials were removed from the -80°C freezer and
warmed in a waterbath set to 37 °C for 2 minutes. Cells were recovered in 8 mL of
their respective media, placed in a 15 mL Falcon tube and centrifuged at 300 xg for 5
minutes before removing media. Cells in culture were first washed and detached as

detailed in (Section 2.2.3).

Each T25 of cells was divided into either four wells of 6-well plates; ten wells of 12-
well plates; twenty wells of 24-well plates (Falcon); or resuspended in 1.5 mL culture
media and adding 100 yL to each channel of the ibiTreat 0.4 mm p-Slide | Luer or 30
pL in ibiTreat 0.4 mm p-Slide VI Luer (ibidi, Germany) channels. For cells stored in 1
x 108 aliquots, these were seeded into three wells of 6-well plates; eight wells of 12-
well plates; sixteen wells of 24-well plates; or resuspended to 1.6 x 10° cells/ml for

seeding into ibiTreat 0.4 mm p-Slide channels.
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Cells were placed back in the incubator until required. For p-Slides, media was topped
up in the reservoirs after two hours, and a complete media change was performed
every 24 hours. This was done by repeated three rounds of aspirating supertantants

and replacing with fresh media.

2.2.7 SiRNA knockdown of HUVEC

HUVEC were seeded directly from culture or frozen aliquots, into either 24-well plates
for optimisation and validation experiments, or ibiTreat 0.4 mm p-Slide VI Luer
channels (ibidi-ANO3 2022) for use in flow adhesion assays (Section 2.2.6). The
following day, culture media was aspirated, and the cells washed with PBS (-/-). As
per manufacturers protocol, HUVEC were treated with between 5 nM — 50 nM of
FlexiTube GeneSolution (Qiagen) siRNA against either LGALS3 (GS3958), LGALS9
(GS3965), in combination for knockdown of both LGALS3 and LGALS9 genes, or

AllStars Negative Control siRNA (Qiagen).

To prepare the gene knockdown solutions, 5 — 50 nM of siRNA against LGALS3 (Gal-
3 KD), LGALS9 (Gal-9 KD) or a combination of both (Gal-3/Gal-9 KD) were used for
knockdown of specific galectin genes alongside non-specific scrambled control (sc-
siRNA), diluted in 25 ul of OptiMEM (Gibco). To prepare the transfection reagent, 1.5
ul of Lipofectamine™ RNAIMAX (Invitrogen) was diluted in 25 pl of OptiMEM and
added to each of the siRNA mixtures for five minutes incubation. Following this,
warmed OptiMEM was added to the reagent mixture to total 500 ul before adding
solution to one well of a 24-well plate or applying 150 pl to a single channel of the u-
Slide. Lipofectamine and media only controls were also prepared and added to cells.

The siRNA knockdown solution was incubated with cells for four hours before the
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mixture was aspirated and replaced with fresh media with hydrocortisone omitted.

Cells were cytokine stimulated the following day (Section 2.2.8).

2.2.8 Cytokine stimulation of HUVEC

Supernatant was aspirated from cells and replaced with media +/- either: TNFa (R&D,
100 U/ml), IFNy (Peprotech, 20 ng/ml), IFNB (Proteintech, 0.1 — 5 ng/ml), IFN-a2
(Proteintech, 0.1 — 5 ng/ml), Polyl:C (Tocris, 20 pg/ml), or TNFa + IFNy combination
(20 ng/ml and 20 ng/ml, respectively) in pre-warmed pHUVEC, pHAEC, or HUVEC
treatment medium with hydrocortisone omitted (37 °C). Following 24- or 48-hour
cytokine stimulation or negative control, supernatants were either discarded or
collected in Eppendorfs and frozen at -80°C until required for protein expression
analysis by ELISA (Section 2.5.5). HUVEC were washed three times with PBS (-/-)
through repeat addition of PBS, followed by aspiration. After the final wash, HUVEC
were processed for extraction of RNA and analysis of gene expression (Section 2.3),
RNA sequencing (Section 2.4), analysis of protein expression (Section 2.5) or for use

in flow adhesion assays (Section 2.7).

2.2.9 Orbital shaking culture of HUVEC

Cryopreserved promocell HUVEC were defrosted and seeded directly into wells of a
6-well tissue-culture plate and grown until 90% confluent. Media was exchanged with
2 mL fresh pre-warmed pHUVEC media containing 100 U/MI penstrep (Gibco). Cells
were then placed in a plastic box with a loose-fitting lid and placed either in a static, or
125 rpm orbital shaking incubator (Innova 44R, Eppendorf) set to 37°C, maintained at

5% COz2. Following 24 or 72 hours in culture, cells were prepared either for ELISA
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(Section 2.5.5), extraction of RNA and analysis of gene expression (Section 2.3), or

for immunofluorescence staining (Section 2.5.6).

2.2.10 Endothelial cell culture under flow using Ibidi Pump System

HUVEC were seeded into y-Slide | Leur Ibidi (Ibidi, Cat: 80176) channels in a volume
of 100 pL and left to adhere for a minimum of 2 hours at 37 °C with 5% COg, before
washing the cells by replacing the media through successive aspiration and addition
of 100 ul of pre-warmed media three times (ibidi-ANO3 2022). Cells were placed back
into the incubator until they reached 90% confluent. Media was replaced once more,
before connecting the slides to the Ibidi Pump system for cell culture under shear

stress.

Using the ibidi Pump System Quad, laminar and/or oscillatory shear stress of 0.05 Pa
(0.5 dynes/cm?), 0.3 Pa (3.0 dynes/cm?), 1 Pa (10 dynes/cm?) and 2 Pa (20 dynes/cm?)
was applied to HUVEC for up to 48 hours (ibidi-AN13 2022). For investigating 0.05
and 0.3 Pa low shear stress, the White Perfusion Set (Ibidi Cat no: 10963) was used.
The Yellow-Green Perfusion set (Ibidi Cat no: 10964) was used for culturing cells with
1 Pa and 2 Pa high shear stress. Where oscillatory flow was used, the system was set
to oscillate every second (1 Hz) and was run alongside laminar and static control.
Media was replaced every 24 hours on the static controls. At the end of the experiment,
cells were washed three times by replacing media in the channel with PBS (-/-). PBS

was removed from the slide chambers before proceeding to mRNA extraction.
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2.3 Extraction of RNA and analysis of gene expression

2.3.1 mRNA extraction

Messenger ribonucleic acid (mMRNA) from cells was isolated using RNeasy Mini Kit
(Qiagen, Manchester, UK) and according to the manufacturer’s instructions. All
centrifugation steps were performed at >8000 xg. Briefly, cells were washed with PBS
(-/-), lysed in 350 pl RLT buffer and stored at -80°C until required. Lysed samples were
thawed on ice and homogenised by transferring samples to a Qiashredder column in
a 2 ml collection tube and centrifuged for 2 minutes. The flow-through was mixed with
an equal volume of ice-cold 70% ethanol and transferred to a RNeasy spin column

placed in a 2 ml collection tube and centrifuged for 1 minute.

Samples were prepared differently depending on whether they were intended for RNA
sequencing or cDNA synthesis. For RNA sequencing, the column was first washed
with 350 pl Buffer RW1 and centrifuged for 1 min. Then, DNase |, prepared by diluting
10 ul of DNase | stock solution into 70 pl of Buffer RDD, was added to the column and
incubated for 15 minutes. The column was washed again with 350 ul Buffer RW1 and
centrifuged for 1 min. For cDNA synthesis, the column is simply washed with 700 ul

Buffer RW1 and centrifuged for 1 min.

For all sample processing, the flow-through was discarded and 700 pl of buffer RW1
was applied to the spin column and centrifuged for 1 minute. The flow-through was
discarded and 500 pl of wash buffer RPE (with added ethanol) was applied to the spin
column and centrifuged for 1 minute, this step was repeated one more time. The flow-
through was discarded and the spin column was centrifuged for a further 5 minutes to

remove residual wash buffer. Finally, 14 ul of RNase-free water was applied directly
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to the spin column filter and incubated for 5 minutes before centrifuging the sample for

2 minutes. Final eluate underwent RNA quality control.

2.3.2 RNA Quality control

The concentration of the eluted mMRNA was measured in ng/ul from the absorbance at
260 nm (A260), obtained using a Nanodrop ND-1000 Spectrophotometer (Thermo
Fisher). mRNA was stored at -80°C or used immediately for synthesis of

complementary DNA (cDNA).

Prior to sequencing, the RNA integrity number (RIN) was measured by Genomics

Birmingham (University of Birmingham, UK) using the High Sensitivity RNA

ScreenTape® (Agilent Technologies, Stockport, UK). The RIN scores ranged between

9.2 — 9.6, suggesting high quality RNA for sequencing.

2.3.3 cDNA synthesis

Following extraction and quantification, each mRNA sample was standardised to 800
ng in a total of 10 pl of RNase-free water. cDNA synthesis was carried out using
random primers supplied in the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher, #4368814). A 1X master mix was prepared in RNase-free water using
10X Reverse transcription buffer, 10X RT random primers, 25X dNTP mix, 40 units of
RNaseOUT ribonuclease inhibitor (Invitrogen, #10777019) and 100 units of
Multiscribe™ Reverse Transcriptase to a final volume of 10 pl per RNA sample. The
master mix was combined and mixed thoroughly with the diluted mRNA sample to a
final reaction volume of 20 ul in 0.5 mL microcentrifuge tubes. Samples underwent a

thermo-cycle of 25 °C for 10 minutes, 37 °C for 120 minutes and 85 °C for 5 minutes

35



using the Veriti Thermocycler (Applied Bioscience). cDNA was stored at -20°C or used

immediately in quantitative polymerase chain reaction (QPCR).

2.3.4 Quantitative PCR (qPCR)

gPCR was carried out using TagMan Gene Expressions Assays according to the
manufacturer’s instructions in 384-well PCR reaction plates (Applied Biosystems). For
each gene being analysed, a 1X reaction master mix made using 2X TagMan Master
Mix, and 20X FAM-labelled TagMan gene expression assay on demand primer-probe
conjugates (Applied Biosystems, Table 2) was prepared in RNase-free water for a
final volume of 10 pl per sample. To 10 ul of reaction master mix, 0.5 pl of each sample
cDNA was added and run in replicates of two or three in the reaction plate. The plate
was centrifuged at 500 xg for 5 minutes and processed on the QuantStudio 5 gPCR
System (Applied Biosystems) for 40-cycles and analysed using ThermoFisher
ConnectTM (Thermo Fisher). The average Cr value from triplicates were used and
data was processed using the 2-22Ct method, normalising each sample to the 18S
housekeeping gene and displaying as relative fold change to either unstimulated or

static control, depending on the experiment (Livak and Schmittgen 2001).
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Table 2: List of FAM-labelled Tagman probes used for qPCR.

Primer name | Protein Name Cat number

LGALS1 Galectin-1 Hs00355202 _m1 LGALS1
LGALS3 Galectin-3 Hs00173587 m1 LGALS3
LGALSS Galectin-8 HS01057135 ml1 LGALSS
LGALS9 Galectin-9 Hs04190742_mH LGALS9
VCAM1 Cellular adhesion molecule Hs01003372_ml1 VCAM1
ICAM1 Cellular adhesion molecule Hs00164932_ml1 ICAM1
KLF2 Kruppel-like factor 2 Hs00360439 gl KLF2
KDR Kinase Insert Domain Receptor (VEGFR?2) Hs00911700 ml1 KDR
SELE E-selectin Hs00174057_ml1 SELE
18S Ribosomal subunit 18 Hs03003631 gl 18S
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2.4 RNA Sequencing

2.4.1 Library Preparation

Library preparation was performed by University of Birmingham Genomics Service
(Birmingham, UK) using the QuantSeq 3’ mRNA Seq Library Prep Kit FWD (Lexogen,
Vienna, Austria) (LexogenGmbH 2023) and the Illumina NextSeq 500 (lllumina-
AN:Sequencing 2015). All sequences were provided in.fastq format as provided from

lllumina, and used for further RNA sequencing analysis (Section 2.4.2).

2.4.2 RNA sequencing analysis

FastQC software was used to assess adapter content and quality scores of the
sequencing output and were confirmed as passing the quality check before moving
onto sequence trimming (Section 2.4.2). Although the FastQC analysis determined
that no trimming was required, a script to remove poly-AAA tails and adapter sequence

contamination from the fastq files was run before aligning sequences to the genome.

To align sequences to the human genome, genome indexes were generated using the
‘Homo_sapiens.GRCh38.dna Subread.primary_assembly’ human genome file and
corresponding gene transfer format (GTF) annotation file, downloaded from the
ensemble website (Ensembl 2023). STARalign was then used to align sequences to
the human genome. Finally, FeatureCounts from the Subread package was used to

generate a table of ensemble IDs for each of the HUVEC samples.

iIDEP was used for downstream analysis of RNAsequencing output (South Dakota
State University 2023; Ge, Son, and Yao 2018). Transformation, normalisation and

differential gene expression were all run through iDEP using the DESeq2 functionality.
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For heatmaps and principal component analysis (PCA), read counts were first
transformed using variance stabilising transformation (VST). Visualisation of data was

performed using GraphPad Prism.
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2.5 Analysis of Protein Expression and Binding

2.5.1 Total protein isolation and quantification from adhered cells

For lysis of cells from a 24-well plate, 50 ul of radioimmunoprecipitation assay buffer
(RIPA, Sigma-Aldrich #R0278) supplemented with 1X protease inhibitor cocktalil
(Sigma-Aldrich, #P8340) was added to each well and incubated on ice for 30 minutes.
Lysis was ensured by vigorous up and down pipetting of each sample before
transferring 25 pl of lysate to a 1.5 ml microcentrifuge tube for quantification of protein
(Section 2.5.2) and the rest stored at -80°C until required for SDS-PAGE (Section

2.5.3).

2.5.2 Quantification of protein from lysates

Protein quantification was performed using Pierce™ BCA Protein Assay Kit and
protocol (Thermo Fisher). Briefly, bovine serum albumin (BSA, Sigma-Aldrich)
standards in the range of 25 — 2000 pg/ml were diluted in RIPA buffer. A protein-free,
RIPA buffer-only ‘blank’ was also prepared. Twenty-five microliters of each the
standards, and unknown samples were added to a 96-well microplate (Falcon). A
dilution of working reagent was prepared by mixing BCA reagents A and B, 50:1. Two-
hundred microliters of working reagent was added to each sample, mixed thoroughly,
and incubated for 30 minutes at 37°C or until blue colour was visible in the second to
last most diluted standard sample. The plate was cooled to room temperature and the
absorbance was measured at or near 562 nm on the GloMax Discover plate reader
(Promega). The average optical density at 562 nm absorbance measurement of the
Blank standard was subtracted from the average of the standards and unknown

sample replicates. The standard curve was plotted using the absorbance blank-
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corrected measurement of each BSA standard, with its known concentration in ug/mi,
from which the protein concentration of unknown samples was derived. Samples were

then run on SDS-PAGE gels prior to Western blotting (Section 2.5.3).
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2.5.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE electrophoresis was used to resolve proteins according to molecular
weight, and for the confirmation of single protein species in purified protein solutions.
Following protein quantification of cell lysates by BCA assay, 20 — 30 pg of lysate, or
1.5 ug of purified protein was recovered in RIPA buffer to a total volume of 20 pl. Total
volume was brought to 25 ul with the addition of 4x Laemmli sample buffer (containing
1:10 R-mercaptoethanol) before denaturing samples by placing at 95 °C for 10
minutes. For preparation of the XCell SureLock Mini-Cell (Invitrogen, #EIO001)
electrophoresis tank, NUPAGE™ 4 to 12%, Bis-Tris, 1.0mm, Mini Protein Gel was
placed within the buffer core and the locked in place using the gel tension wedge. The
upper buffer chamber was filled with ~200 ml of 1X NUPAGE™ MOPS SDS Running
Buffer (Invitrogen, # NP0001) and the lower buffer chamber filled with ~600 ml 1x
running buffer. Sample was loaded onto the gel alongside four microliters of
PageRuler™ Prestained Protein Ladder (Invitrogen #26616). Protein gels were run at
125V for ~90 minutes, or until loading dye had reached the end of the gel. Gels were
removed from the plastic casing and either added directly to Coomassie Brilliant Blue
R-250 (Bio-rad) for two hours, for rapid visualisation of protein bands, or transferred
onto membranes for Western blotting (Section 2.5.4). Following Coomassie blue
staining, gels were washed for five minutes, three times in destaining solution (Hz20,
methanol, and acetic acid in a ratio of 50/40/10 [v/v/v]) until the background was less

dark.

2.5.4 Western Blot

Proteins were transferred from SDS-PAGE gels using the Trans Blot Turbo Midi

0.2mm transfer (BioRad). Briefly, the gel was assembled onto the PVDF membrane
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and flanked by two stacks of sponges. A roller was used to ensure that all bubbles
were removed from the sandwiched stack before it was placed into the cassette and
into the Trans-Blot Turbo system (BioRad). The machine was set to run 1.5mm mini
gel, for 10 minutes. After the transfer process, the membrane was removed and
blocked in 10% milk (Marvel, St. Albans, UK) in PBS (+/+) containing 0.1% Tween20
(PBST 0.1%) on a shaking platform at room temperature for 1.5-2 hours, followed by

three 10-minute washes with PBST to remove residual blocking buffer.

Primary antibodies to the protein of interest were prepared in 5% BSA in PBST and
incubated with the membrane at 4 °C overnight (Table 3). The membrane was washed
three times with PBST for 10 minutes each before incubation with the appropriate
HRP-conjugated secondary antibody for 1.5 hours at room temperature (Table 3). A
further three, 10-minute washes with PBST were performed before the membrane
transferred to cling film and incubated in the dark for 1 minute at room temperature
with Pierce ECL blotting substrate mix (1:1, Thermo Fisher). In a dark developing
room, the PVDF membrane was transferred to a piece of Amersham Hyperfilm ECL

(Cytiva, Marlborough, MA) for up to 30 minutes before being processed in developer.

For membrane-reuse, blots were placed in stripping buffer (Thermo Fisher, #21059)
for 20 minutes at 37°C, followed by washing with PBST three times and re-blocking of

the membrane and re-probing as described above.

Resulting images were scanned into a digital format using a digital scanner before
performing semi-quantitative analysis using Fiji software as described in the User
manual (imagej.net 2012; Schindelin et al. 2012). Resulting measurements were then

normalised to actin-beta housekeeping bands and shown relative to control.
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2.5.5 Enzyme-linked immunosorbent assay (ELISA)

R&D Quantikine ELISA kits were used for detection and quantification of soluble Gal-
3 (DGAL30) and Galectin-9 (DGAL90) in cell culture supernatants. Briefly, 100 pl of
assay diluent was added to each well of the provided, pre-coated ELISA plate.
Standards were prepared according to the kit-specific instructions, using serial
dilutions made up in calibrator diluent, plus a blank no-protein control. Duplicates of
each standard and the unknown samples were added to the assay plate at 100 ul per
well and incubated at room temperature for two hours. Wells were aspirated and
washed a total of four times, each time adding 400 ul of wash buffer followed by
aspiration. After the final wash, plates were blotted against a clean paper towel to
ensure dryness. Assay-specific conjugate for either Gal-3, or Gal-9 were added to
each well at 200 yl and incubated at room temperature for two hours. Liquid was
aspirated from the wells and four wash steps were performed. After blotting the plate
dry, 200 ul of substrate solution (equal parts reagent A and B) was added to wells and
left for 20 minutes away from light. Stop solution was added at 50 ul per well, turning
liquid from a blue to yellow colour. The absorbance was measured at 450 nm and

corrected using 540 nm or 570 nm wavelength reading.

The standard curve was plotted using the blank-corrected absorbance measurement
of each assay standard with its known concentration in ng/ml, from which the protein

concentration of unknown samples was derived.

2.5.6 Immunofluorescence staining of HUVEC

Cells were washed three times with PBS (-/-), aspirating in between each wash. Cells

were fixed using 4% PFA to cover the cell layer and left on ice for 10 minutes. Fixative
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was aspirated and cells washed three times with PBS (-/-) to remove residual PFA. All
further incubation stages were carried out for one hour on a shaking platform at room
temperature unless otherwise stated. Incubation with blocking buffer containing 5%
BSA in PBS (-/-) was carried out, followed by aspiration and addition of primary
antibodies made up in PBS (-/-) [Table 3]. Primary antibodies were aspirated from the
wells before three 10-minute washes in PBST 0.1% were carried out. Fluorescently
conjugated secondary antibodies were diluted 1:200 in PBS (-/-) and added to each
well for incubation, followed by aspiration and three washes with PBST. Nuclear
staining was performed using Hoechst or DAPI in PBS ([-/-], 1:1000), followed by three
washes with PBS (-/-). Finally, PBS (-/-) was added to the wells and imaged using
either the Fluorescence microscope Zeiss AxioOberver.Z1 Apotome.2 or EVOS

M5000 Imaging System, Thermo Fisher AMF5000.

For quantification of images, mean fluorescence was measured in all images and

background fluorescence in secondary only control was subtracted from values.

Table 3: Antibodies used for protein expression and binding assays.

Antibody Application and dilution Manufacturer and Cat | Secondary
number antibody
Anti-galectin-3 Western Blot 1:1000 R&D AF1154 Mouse anti-Goat
Immunofluorescence 1:75 IgG-HRP
Immunohistochemistry 1:75 Donkey anti-Goat
Flow cytometry 1:50 IgG AF647
ELISA 1:1000
Anti-galectin-9 Western Blot 1:1000 R&D AF2045 Mouse anti-Goat
Immunofluorescence 1:75 IgG-HRP
Immunohistochemistry 1:75 Donkey anti-Goat
IgG AF647
Secondary antibodies
Mouse anti-Goat | Western blot 1:5000 Santa Cruz Biotech, N/A
IgG-HRP ELISA 1:1000 sc-2354
Immunohistochemistry
1:200
Donkey anti- Immunofluorescence 1:200 | (Invitrogen A21447) N/A
Goat IgG (H+L) | Flow cytometry 1:200
AF647
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2.5.7 Immunohistochemistry on frozen human tissue sections

Sections were removed from the freezer and thawed for five minutes at room
temperature prior to washing the slides in PBST (0.1%) for five minutes on a rocking
platform. To block endogenous peroxidases, the PBST was removed, and the slides
were placed into a solution of 0.3% hydrogen peroxide in methanol for 30 minutes.
Slides were washed in PBST for 5 minutes on a rocking platform. Blocking buffer of
1x casein in PBS (-/-) was added to tissue sections and incubated for 20 minutes in a
humidifying chamber at room temperature to prevent non-specific staining. Tissue
sections were washed in PBST for 5 minutes before adding 150 pl of anti-galectin-9
antibody made up at 1:75 in PBS (-/-), or just PBS for secondary only control, to each
tissue section and incubating in the humidifying chamber on a rocking platform for 60

minutes.

Primary antibodies were removed from the tissue sections prior to two 5-minute
washes in PBST. Peroxidase conjugated secondary antibodies were prepared in PBS
(-/-) and applied to each tissue section for 30 minutes incubation on a rocking platform.
Sections were washed twice in PBST, each for 5 minutes before DAB substrate
(brand) was added for a further 5 minutes. DAB substrate was removed with tap water
and sections were counterstained with haematoxylin for 30 seconds. Sections were
placed into cold water that was slowly replaced with warm water and left for two
minutes to change colour. To dehydrate sections, sequential washes with 70%, 80%,
90% and 100% ethanol was performed, each for two minutes. Similarly, sequential
washes in xylene (from 70% - 100%) were performed to clear tissue sections before
slides were mounted with DPX (brand) and stored at room temperature prior to image

acquisition. Images were acquired from slides using the Zeiss Axio Scan.Z1 (ZEISS
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Oberkochen, Germany). Fields of view for presentation were selected using Zen Blue

software (Zeiss).
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2.6 Human Blood Leukocyte Isolation

Whole blood was collected from healthy donors aged 25-29 years into EDTA-coated
VACUETTE® tubes (Greiner, 4550360) and layered onto Histopaque 1119 and 1077
(Sigma-Aldrich) in a 15 mL Falcon tube (Figure 3). Following centrifugation at 800 xg
for 40 minutes, the neutrophil layer was isolated using a Pasteur pipette and
transferred to a new Falcon tube. The cells were then resuspended to a final volume
of 12 ml in PBSA (PBS [+/+] + 0.15% BSA), followed by centrifugation at 300 xg for 6
minutes (Sigma-Aldrich 2020). After removing the supernatant, the cells were counted
and resuspended in PBSA to a final concentration of 1 x 108 cells/ml. Neutrophils were
stored at room temperature for up to 1.5 hours before use in the flow adhesion assay

(Section 2.7).

. <«—— Plasma
5m — 40 minutes

whole blood 800 xg «— PBMC

< > <+«— Histopaque 1077
25m —— <+—— Neutrophils
Histopaque 1077 _>

25m —*

Histopaque 1119

<«—— Histopaque 1119

'47 Red blood cells

Figure 3: Schematic showing method for isolation of neutrophils from whole
blood

To separate out neutrophils, 5 ml of whole blood was layered onto an equal volume of 1077- and 1119-
density Histopaque layers. Following centrifugation, a clear band of neutrophils was visible and picked
for use in experimental assays.

48



2.7 Flow Adhesion Assay

HUVEC in Ibidi p-Slide VI 0.4 slides were treated with SiRNA targeting LGALSS,
LGALSY9, a combination of both, or a scrambled-siRNA control one day after seeding.
The following day, 150 ul of media containing TNFa (10ng/ml) and IFNy (20 ng/ml)

was added to the cells for 24 hours.

On the day of the experiment and at least four hours prior to running the experiment,
the flow assay chamber box was set-up and prepared according to Figure 4 and
following the protocol published (Yang, Chang, and Wei 2016). Falcon tubes of 0.15%
BSA in PBS ([+/+] PBSA) were placed inside the chamber and the box was preheated
to 37°C. The flow system was primed to remove bubbles by passing PBSA through

the system using the wash syringe.

10 mL sample
syringe without plunger

=3

Thin tubing . Thick tubing
Elbow-luer 5] JT%. 10 mL wash syringe
50 ml connector (male) § E without plunger
glass Three-way ll."% =
syringe\ stopcock ofls ‘
\ —— 5 mL wash syringe
|ﬂ—/'\'7—1_—'7\ o o a
= b v
— "
Pump/v Three-way
system / stopcock
Waste beaker Ibidi microslide
VI 0.4

Reusable tubing

Microscope .
P Electronic valve

O: Output
S: Sample (“ON”)
W: Wash (“OFF")

Figure 4: Flow adhesion assay set up.

Ibidi u-slides were placed onto the microscope imaging stage and connected to the flow system via
elbow-luer connectors for analysis of leukocyte trafficking under flow, in vitro.
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Cells were placed on the viewing platform and a single channel connected to the flow
system via the tubing. A final concentration of 1 x 10° cells/ml in 2 ml of neutrophils
were added to the sample syringe for 1-minute, before the pump was set to infuse at
0.4 ml/min (0.05 Pa/0.5 dyn/cm?), priming the HUVEC. After two minutes, the
electronic valve was switched to ‘ON’, beginning a four-minute perfusion or ‘inflow’ of
neutrophils across the HUVEC. After this, the electronic valve was switched back to
‘OFF’ and a two-minute perfusion of PBSA, or ‘washout’ began. One continuous video
recording was performed throughout the experiment using phase contrast microscopy,

stored onto VCR.

Analysis of adherent and non-stable interactions were counted from 2-minute videos
capturing the neutrophil inflow (226 images captured at intervals of 400 ms) within one
field of view (FOV) in the centre of the slide (Figure 5A). Cells adhered to the
endothelium for the entire recording were marked as ‘adherent’ and cells that stuck for
at least one second before leaving the endothelium were recorded as ‘touch and go’
interactions (Figure 5). Analysis of firm adhered and transmigrated cells within the
washout stage were recorded from seven FOVs within 20 images captured at intervals
of 400 ms across 10 seconds. Neutrophils exhibiting '‘phase bright' and 'phase dark’

features were reported as adherent and transmigrated respectively (Figure 5B).
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Wash Sample on: Inflow Washout
OTmin 2 min Dead spTace + 4 min 6 min 8 min

- - - — — - =

@®REC @®REC
2 min sequence 10 sec sequence from 7 FOV

1 FOV ~move every 30 sec
B Non-stable interactions Firm adhered " Rolling Transmigrated
B

Figure 5: In vitro analysis of the role of endothelial galectins in leukocyte
trafficking under flow.

A) Overview of workflow for flow assay experiment. TNFa + IFN-y (10 ng/ml, 20 ng/ml) stimulated
HUVEC were washes for 2 minutes with PBSA at a rate of 0.4 ml/min. Neutrophils were flowed over
the HUVEC monolayer for 4 minutes, with image sequence recording (REC) after 2 minutes for the
duration of 2 minutes. HUVEC were washed for 2 minutes with PBSA before recording 10 second
sequences across 8 fields of view were acquired. B) Images were analysed for phase bright (non-stable
interactions, firm adhered, rolling), phase-grey (firm adhered) and phase dark (transmigrated)
neutrophils.

51



2.8 Proximity Labelling of Galectin Interactors On Endothelial Cells

This work was conducted using a recombinant protein called PX-Gal3, containing the
protein full length galectin-3 sequence fused to ascorbate peroxidase (APEX2)
enzyme via flexible serine-glycine linker. This was used for enzymatic labelling of
galectin-3 interactors on the surface of cells. Access to reagents and protocols for
proximity labelling of galectin interactors on endothelial cells was possible through

collaborative work with the Huang group at Scripps Research, San Diego, CA, USA.

2.8.1 Validation and optimisation

2.8.1.1 Preparation of cells for proximity labelling and Gal-3 binding

Initial validation was performed either on HUVEC and peripheral blood mononuclear
cells (PBMCs) in suspension; or HUVEC in situ. For labelling in situ, HUVEC were
seeded into 24-well plates, grown to 90% confluency, and washed two times in PBS
(-/-) by discarding supernatant and replacing with PBS. All liquid was aspirated before
proceeding to small-scale proximity labelling and validation by immunofluorescence

(Section 2.8.1.2).

For labelling in suspension, HUVEC were grown to 90% confluency in a T25 flask
(Section 2.2.6). Media was discarded before washing the cells with PBS (-/-) and
replacing liquid with 2 mL of StemPro Accutase (Thermo Fisher). Cells were incubated
for 2-7 minutes at 37°C, until rounded and dissociated from plastic. HUVEC were
recovered in 8 mL of 37°C warmed HUVEC growth media. As a positive control, a vial
of frozen PBMCs (Panda 2013) was defrosted in a 37 °C water bath and cells
recovered with 8 mL of 2% FBS in M199. PBMCs were transferred to a 15 mL falcon

tube for incubation at 37 °C for 10 minutes. PBMCs and HUVEC in suspension were
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centrifuged for 5 minutes at 300 xg, and the supernatant discarded. Cells were
resuspended in culture medium, either HUVEC treatment media, or 2% FBS in M199
for HUVEC and PBMCs respectively, counted and 4 x 10° cells placed into five U-
bottom 96-well plates. Plates were centrifuged for 2 minutes at 300 xg and either fixed
with 4% PFA solution for 10 minutes or used directly in proximity labelling (Section

2.8.1) or in validation for flow cytometry (Section 2.8.1.3).

2.8.1.2 Small-scale proximity labelling

Cells were treated according to the protocol published by Joeh et al (Joeh et al. 2020).
In brief, DMEM containing either 25 — 200 nM of PXGal3; 100 nM PXGal3 with 100
mM Lactose; or with no additives, was incubated with cells, at 37°C, 5% CO:2 for 30
mins. Adherent cells were washed by discarding supernatant and replacing with PBS
(-/-), repeated three times. For cells in suspension, centrifugation steps, performed for

two minutes at 300 xg was required before each aspiration step.

After aspirating PBS, DMEM supplemented with 2% FBS and 500 pM of biotin
tyramide (APExBIO, TX, USA) was added to cells before replacing them in the
incubator for 30 mins. Whilst carefully agitating the liquid by swirling the plate, 100 mM
of H202 was added to the solution for a final concentration of 1 mM, for one minute at
room temperature. Quencher solution was prepared using 100 x stocks of sodium
ascorbate (1M in water), sodium azide (1M in water), and Trolox (0.5 M in DMSO)
diluted in PBS (-/-). Liquid was aspirated and replaced with quencher solution,
repeated three times. For cells in suspension, centrifugation for two minutes at 300 xg
was required before each aspiration step. From this point, HUVEC labelled in situ were

prepared for immunofluorescence microscopy, using fluorescently conjugated
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streptavidin (Section 2.5.6); and cells in suspension used flow cytometry validation of

proximity labelling (Section 2.8.1.3).

2.8.1.3 Validation of proximity labelling by flow cytometry

Cells in 96-well U-bottom plates were centrifuged at 300 xg for 2 minutes, liquid was
replaced with PBS (-/-), and cells were pelleted again. For cells that did not undergo
prior proximity-labelling, 0-100 nM of rGal3 or PX-Gal3 in PBS (-/-) was incubated for
30 minutes, followed by centrifugation at 400 xg for two minutes, discarding the
supernatant. Cells were washed by resuspending in PBS (-/-) and centrifuging for a

further two minutes before discarding supernatant.

Cells were resuspended in PBS (-/-) containing either polyclonal anti-Gal-3 antibody
(R&D Systems Cat#) followed by anti-goat PE conjugated secondary antibody or for
cells having undergone proximity labelling, PE-conjugated streptavidin for 30 minutes
in PBS (-/-) (Table 3). Each incubation was performed in the dark and on ice for 20
minutes, followed by centrifugation for two minutes at 300 xg, discarding liquid and
replacing with PBS (-/-). For analysis of live/dead cells, Zombie Aqua (Biolegend. Cat
#423101) in PBS (-/-) was added 1:1000 and incubated in the dark at room
temperature for 15 minutes. Cells were washed twice, by centrifugating samples,
discarding liquid and replacing with PBS (-/-). One final centrifugation step, followed
by aspirating PBS was followed by resuspension of cell in 300 ul of PBS (-/-) for

acquisition of data using the CyAn ADP flow cytometer (Beckman Coulter).

Cells were gated using scatter plots showing forward (FSC) and side scatter (SSC)

linear and singlets identified through pulse width to FSC plot. Dead cells were detected
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using the Violet Laser (405 nm). The flow cytometry results were analysed using

FlowJo™ v7.6 Software (BD Life Sciences).

2.8.2 Proximity labelling HUVEC in-situ for enriched proteomics analysis

2.8.2.1 Proximity labelling of Galectin-3 interactors on live HUVEC

Cryopreserved pooled HUVEC (Promocell Cat: C-12203, Lot: 4662022) were cultured
according to the methods detailed in 2.3.3. All cell vials were recovered in pHUVEC
media and grown to passage five before splitting across sixteen 15 cm tissue-culture
dishes (Corning). The following day, HUVEC growth medium was replaced with 20 mL
of pHUVEC (PenStrep [100 U/ml]) media +/- TNFa (10 ng/ml) and IFNy (20 ng/ml).
Following 24-hour treatment, medium was aspirated and replaced with PBS (-/-) to
remove liquid. For each of the stimulated and unstimulated conditions, plates were
allocated into the follow conditions for proximity labelling: triplicates of PXGal3 and

PXGal3+Lac, and duplicated Neg background control.

The following experiment was performed at room temperature. HUVEC were
incubated for 1 minute with 7 mL of DMEM containing either: (i) 75 nM of PXGALS3 for
‘PXGal3’; (ii) 100 mM lactose with 75 nM PXGALS3 for ‘PXGal3+Lac; or (iii) DMEM only
for ‘Neg’ controls. Media was aspirated and HUVEC were washed three times with
PBS (-/-). Biotin phenol was diluted 1:1000, to a final concentration of 500 ym in 7 mL
of 2% FBS in DMEM and added to each plate for 1 minute incubation. The plate was
gently swirled whilst adding 70 yL of 100 mM H20:2 for 1 minute. Liquid was aspirated
from plates and replaced with 7 mL of Quencher solution, repeated three times,

aspirating between each addition. On ice, cells were scraped in 4 mL quencher
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solution and collected into 15 mL falcon tubes. Cells were centrifuged at 500 xg for 3
minutes at 4°C and washed by replacing the liquid with cold PBS (-/-) before repeat
centrifugation and aspiration of the liquid. Cell pellets were frozen at -80°C until

required for enriched proteomics preparation (Section 2.8.2.2).

2.8.2.2 Cell lysis and protein precipitation

Cell pellets were recovered in 300 ul of cold PBS (-/-) and lysed by two rounds of
sonication using a Branson SFX250 sonicator as follows: 15 ms ON and 40 ms OFF
Total ON time: 1 s Amplitude: 15%. Quantification of protein from lysates was
performed (Section 2.5.2) and normalised to 1.6 mg/ml into 500 uL PBS (-/-) across

all samples.

For protein precipitation, 2 mL of cold MS-grade methanol was added to each sample
and placed at -20°C overnight. Tubes were centrifuged for 10 minutes at 4000 xg, 4°C
to create a protein pellet. Liquid was aspirated and replaced with 2 mL of cold
methanol, sonicating as described above to ensure complete resuspension. One final

10-minute centrifugation was performed at 4000 xg and the supernatant discarded.

2.8.2.3 Denature, reduce and alkylate proteins

Proteins were denatured by adding 500 ul of 6 M urea (Millipore) in PBS (-/-), and 10
pl of 10% (w/v) sodium dodecyl sulfate (SDS, Sigma-Aldrich, CAS no. 151-21-3) in
PBS (-/-) directly to the protein pellet. A mixture of equal parts 200 mM tris(2-
carboxyethyl)phosphine (TCEP, in PBS) and K2CO3 (600 mM in PBS [-/-]) was used
to reduce disulphide bonds by adding 50 pl to the protein samples for 30 minutes at

37°C.
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Protein alkylation was performed by adding 70 ul of 400 mM iodoacetamide in PBS (-
/-) and incubated in the dark at room temperature for 30 minutes. To each sample, a
further 130 pl of 10% SDS in PBS (-/-) was added and the sample was diluted with 5.5

mL of PBS (-/-).

2.8.2.4 Perform streptavidin enrichment and trypsinisation

Biotin-tagged proteins were enriched using streptavidin beads (Thermo Fisher. cat
#20353). Using 100 ul/sample, beads were washed once in 10 mL PBS (-/-) and
centrifuged for 2 minutes at 400 xg, before removing liquid. Beads were resuspended
in 100 ul PBS (-/-) per sample and split equally between each sample, for 1.5 hours at
room temperature on a rotating platform. Following incubation, beads were washed
with 5 mL of each 0.2% SDS in PSB (-/-), PBS (-/-) and 100 mM triethylammonium
bicarbonate (TEAB, pH 8.5, Thermo Fisher. cat #90114; in water), centrifuging at 400
xg for two minutes and discarding liquid between each wash. After this, each sample
was resuspended in 500 pl of 100 mM TEAB and transferred to low-bind Eppendorfs.
A further 500 pl TEAB was used to rinse the original tube and transferred to the low-
bind Eppendorf (total 1 mL). Beads were pelleted by centrifugation (two minutes at
400 xg) and the supernatant removed. Sequencing-grade porcine trypsin (Promega)
was prepared by reconstituting 20 ug vials in 2 mL of 100 mM TEAB with 20 ul 100
mM CacClz in dH20, and 200 pl of this was added to each sample. Beads were

incubated with trypsin at 37°C overnight on a shaking platform.

2.8.2.5 Perform TMT labelling

Digested peptides contained within the supernatant were transferred to a new low-

bind Eppendorf following centrifugation of samples for 5 minutes at 400 xg. Beads
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were washed with 100 yl of 100 mM TEAB to remove any remaining peptides,
centrifuged for 5 minutes at 400 xg, and the supernatant transferred to the harvested

peptide mix (total ~300 pl).

For 16-plex TMT labelling (TMT16Plex, Thermo Fisher. cat #90406) of peptides,
samples were centrifuged for 5 minutes at 400 xg and ~200 pl of supernatant
containing the peptides of interest were each transferred to a new low-bind Eppendorf
(Eppendorf LoBind, cat. no. 022431081). Beads were washed with 100 yl of 100 mM
TEAB, centrifuged again, and 100 yl of supernatant transferred to the same low-bind

Eppendorf (total ~300 pl).

2.8.2.6 Combine samples

Optima LC/MS-grade acetonitrile (AcN; Fisher Scientific) was added to the sample
peptides to a final concentration of 30%, before 100 ul of this mix was added to the
respective 16-plex unique TMT tag tube (Stored in 8 ul aliquots at -80°C, Thermo
Fisher. cat #A44521). Samples were mixed well before transferring back to the low-
bind Eppendorf to ensure all complete tagging. Peptide mix was incubated with the
TMT tag for 1 hour at room temperature. To quench the reaction, 6 pl of 5% MS-grade
hydroxylamine (Sigma-Aldrich) in water was added to each sample and incubated for
15 minutes. Four microliters of Optima LC/MS-grade formic acid (Fisher Scientific)
was added to acidify each sample and dried to near completion in a vacuum-centrifuge
(Savant Speedvac). TMT-tagged samples were combined by adding 200 ul of 0.1%
Trifluoroacetic acid solution (TFA, in water; Sigma-Aldrich) into one sample tube,
vortexing and burst microcentrifugation (~5s), before transferring solution to the

second sample tube. Repeat vortex, centrifuge and transfer until all samples have
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been resuspended together. A further 100 pl of 0.1% TFA solution was added to the
first tube to recover any remaining tagged peptides and transferred through the sixteen

tubes as was done previously.

2.8.2.7 Desalt sample

To desalt the TMT-tagged peptide mix, C18 columns were first conditioned with one
column volume (1 mL) of each of the following: 100% AcN; 80% AcN, 0.5% formic
acid; 0.1% TFA before the sample was added to the column and the vacuum was
applied ensuring the column did not dry out. The column was washed with 5 mL of
0.1% TFA solution, followed by 1 mL of 0.5% formic acid. All liquid was allowed to
pass through the column before the vacuum was stopped and pressure was released.
To elute the peptides, 500 ul of 40% AcN, 0.5% formic acid solution was applied to
the column using a pipette to form pressure within the column to force the elution
through the column and into a new low-bind Eppendorf. A second elution with 500 pli
of 80% AcN, 0.5% formic acid was performed and collected in the same Eppendorf.
Samples were spun one final time in the vacuum centrifuge until dry, and frozen at -
80°C before handing over to the Scripps Mass Spectrometry Core Facility for sample

injection.

2.8.2.8 Mass-spectrometry proteomics data analysis

Processing of the mass-spectrometry proteomics data was done as described in (Joeh
et al. 2021), using Proteome Discoverer 2.4 software (Thermo Fisher) and peptide
sequences determined by matching protein databases of Homo sapiens with
fragmentation patterns using SEQUEST HT algorithm, specifying TMT-tags

modifications. All keratins were removed, and the dataset was filtered for unique
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peptides >2. Any samples returning missing values within one of the replicate samples
were replaced with the value of ‘1’ for further analysis. The raw TMT abundance values
were averaged between the triplicates and transformed to their log2 values. Multiple t-
tests with unpaired experimental design were performed on the data, with significance
determined as P < 0.05. The ratio of PX-Gal3 to Neg were taken as ‘Enrichment’ and
filtered >10 to determine enriched proteins. The arbitrary cutoff for ‘Competition’ was
decided as proteins with a ratio >4 between PX-Gal3 and PX-Gal-3+Lac. Correlation
between enriched and competed proteins were compared. Proteins were compared
between the TNFa + INFy treated and untreated HUVEC by finding the ratio of the two

and filtered from highest to lowest.

2.8.3 Glycomics

2.8.3.1 Sample preparation

Cryopreserved HUVEC were seeded into six 10 cm tissue-culture dishes (Corning) in
pHUVEC growth medium (Section 2.3.4). Upon reaching 90% confluency, HUVEC
medium was replaced for cytokine stimulation in 10 mL treatment medium, with or
without TNFa + IFNy in pHUVEC medium. Triplicate samples were prepared for both

treated and untreated control.

After 24-hour stimulation, medium was aspirated and HUVEC were washed once with
PBS (-/-) before harvesting cells into 15 mL Falcon tube using a cell scraper. HUVEC
were pelleted by 4°C centrifugation at 800 xg for 5 minutes. Cell pellets were washed
four times by aspirating liquid, resuspending cells in cold PBS (-/-) and centrifuging the

cell suspension.
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2.8.3.2 Isolation and purification of N-glycans for glycomics analysis

To remove cell surface peptides, 500 ul of 2.5 mg/ml trypsin (diluted in PBS [-/-]) was
added to each sample and transferred to a microcentrifuge tube. Trypsin was also
added to an empty tube to provide a control for background glycan contamination in
the porcine-derived trypsin. After shaking incubation for 15 minutes at 37°C, 150 rpm,
cells were centrifuged at 14,000 xg for 15 minutes at 4°C, and the supernatant was
transferred to a new microcentrifuge tube. Trypsin was heat-inactivated for 5 minutes
at 100°C. After cooling on ice, 2 yl of PNGase F (Recombinantly expressed by T.
O’Leary at Scripps Research Institute) was added to each sample and the control tube

for digestion of N-glycans overnight shaking at 180 rpm at 37 °C.

Samples were acidified to a final concentration of 5% acetic acid (AcOH) for column
purification. C-18 columns (Pierce, Thermo Scientific, cat. no. 89873) were
conditioned before use, using one column volume (3 mL) of each of the following:
100% MeOH; 5% AcOH; 100% isopropanol; and 5% AcOH. The sample was then
applied to the column and the flow-through collected into a clean tube, before adding
2 mL 5% AcOH. A hole was punched through the lid of the tube before being placed

at -80°C for 30 minutes and performing lyophilisation overnight.

To prevent the separation of anomeric forms of glycans during mass spectrometry, N-
glycans were reduced using 250 ul of 10 mg/ml sodium borohydride in 1 M ammonium
hydroxide at 60 °C for one hour. Samples were purified using a G10 column,
conditioned with 12 mL water. The sample (~250 ul) was applied to the column
followed by 350 ul of water. A clean Eppendorf was placed underneath the column to
collect the flow-through after adding 600 pl of water to the column. The sample was

frozen and lyophilised overnight as described above.
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For permethylation, a NaOH/DMSO gel prepared by Tim O’Leary was used.
Glycomics samples were dissolved in 200 yL DMSO and vortexed for 15 minutes.
After adding 350 uL of the NaOH/DMSO gel, glycans were vortexed for an additional
10 minutes. lodomethane (100 pL) was added to the samples to permethylate glycans

for 10 minutes. Samples were then transferred to a glass vial containing 1 mL of water.

After nitrogen bubbling to remove iodomethane, dichloromethane (2mL) was added,
causing separation of the sample into layers. The water layer from the top of the
sample was removed and the remaining organic layer was washed three times in
water, each time using nitrogen bubbling to dry the samples. Finally, acetonitrile (75
ML) was used to rinse the vial wall before samples were frozen at -80°C and lyophilized
overnight. Samples were re-dissolved in 8:2 water/acetonitrile (20 uL) and injected into

LTQ XL ion trap Mass Spectrometer (Thermo Fisher).

2.8.3.3 Mass-spectrometry glycomics analysis

Data was processed using XCalibur 2.1 (Thermo Scientific). Relative proportions of N-
glycans were calculated using the area of the extracted ion chromatogram (EIC) for
all adducts and charge states for a particular glycan. Glycan compositions and

structures were identified using GlycoWorkbench (Ceroni et al. 2008).

2.8.4 In silico modelling of PXGal-3 interactions

2.8.4.1 Retrieval of target and template protein sequences

The primary amino acid sequences of the following proteins: human CD38 (entry
identifier: P28907); human CADM3 (entry identifier: Q8N126); human TLR2 (entry
identifier: 060603); and human MMRNZ2 (entry identifier: Q9H8L6) were downloaded

from the UniProt database in FASTA format.
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2.8.5 Utilising ColabFold to model PXGal3-protein interactions

ColabFold is an initiative from Google Colab and AlphaFold2 for use in protein
structure prediction using deep learning system developed by DeepMind (Jumper et
al. 2021). ColabFold was used in the prediction of PXGal-3 folding and in modelling
interactions with either CD38, TLR2 or MMRNZ2. Molecular graphics and analyses

were performed using ChimeraX (Meng et al. 2023).

2.8.6 Direct ELISA for Gal-3 binding to recombinant CD38 and MMRN2

Recombinant CD38 (Sino Biologics, 10818-HO08H) or MMRN2-6xHis (The Protein
Expression Facility, University of Birmingham, using HEK293T expression system)
was prepared in PBS (+/+) at 3 uyg/ml, and 100 ul was added to wells within LUMITRAC
medium-binding microplates (Nunc, GN655075), and stored overnight at 4°C. The
next morning, solution was aspirated, and wells washed four times, each wash
consisting of adding 300 ul PBST ([+/+] 0.1% tween) followed by aspiration. To block
the plate, 300 ul of 1% BSA in PBST was added to the well for 2 hr at room temperature
with rocking. Blocking solution was aspirated and each well washed four times as
previously described. Either PX-Gal3 or rGal-3 protein was prepared in 1% BSA in
PBS (+/+) at concentrations 0 - 3000 nM, +/- 100 mM sucrose or lactose in 200 ul and
added to each well for 1 hour at room temperature. Liquid was aspirated and wells
washed four times as previously described. Anti-Gal-3 (R&D) antibody was diluted
1:1000 in PBS (+/+) and 100 ul added per well for 1 hour incubation, followed by
aspiration and four washes with PBST. Peroxidase-conjugated anti-goat secondary
IgG was prepared in 1% BSA in PBS (+/+) at a final dilution of 1:1000, before adding
100 pl to each well for one hour at room temperature before repeating aspiration and

wash steps. Finally, 100 ul of TMB was added to each well and left until blue colour
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appeared stable (1-30 minutes), before adding 100 pl of stop solution per well, causing
a shift in colour from blue to yellow. The absorbance was measured at 450 nm and

corrected using 540 nm or 570 nm wavelength reading.

For determination or ECso values, all data points were transformed using GraphPad
Prism, to the log of dose/concentration (nM). The “Nonlinear regression (curve fit)”
function was used to determine “log(agonist) versus response—Variable slope (four

parameters)” for ECso.

2.8.7 Co-Immunoprecipitation of PX-Gal3 interactors

Reagents including Hek293 cells, full-length MMRN2 (MMRNZ2-FL), truncated His-
tagged MMRN2 (Trunc MMRNZ2) and empty vector were kindly provided by A Baber
(Institute of Cardiovascular Science, University of Birmingham). HEK293 cells were
seeded at 1 x 10° cells in 6 cm TC-coated dishes (Corning) in 10 mL of 5% FBS in
DMEM and cultured overnight at 37 °C and 5% CO:2 the day before transfection.
Transfections were performed using 3 pg of either vector, diluted in 300 ul OptiMEM
and 12 pul polyethylenimine (PEI) for 10 minutes before adding to the cells and mixing

by gentle rocking of the plate back and forth and returning cells to the incubator.

After overnight incubation, cell supernatants were discarded and cells washed with 3
mL of PBS (-/-). The PBS was aspirated and replaced with 1 mL of fresh PBS (-/-) and
cells harvested into an Eppendorf by using a cell scraper to detach cells from the plate.
Cells were centrifuged for 2 minutes at 5,000 rpm. Supernatant was discarded and the
cell pellet was thoroughly resuspended in 300 pl of NP40 lysis buffer (1:1 NP40 in
dH20, 1 X protease inhibitor and 1 X phosphatase inhibitor) and left on ice for 15

minutes. The lysed cells were centrifuged for 15 minutes at full speed, before the
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supernatants were collected into clean Eppendorf’s ready for co-immunoprecipitation
(co-IP). Equal volumes of IP binding buffer (50 mM Tris pH 8, 20 mM KCI, 1mg/mL
BSA 2.5% (v/v) Glycerol, 14mM 2-Mercaptoethanol, 1% protease inhibitor and 1x
phosphatase inhibitor) were added to the cell lysates. For whole cell lysate controls,
20 pl was collected and mixed with equal volumes of 2x sample buffer (50 mM Tris Ph
6.8, 10% B-ME, 2% SDS, 2 mg Bromophenol blue stock, 10% glycerol made up in
dH20 to 20 mL total volume) were added to the whole cell lysate control and the rest
of the lysate was split equally between two new tubes. To MMRN2-FL transfected
cells, 1 ug of PX-Gal3 +/- 25 nM lactose was added; or to Trunc MMRN2-transfected
cell lysates, 1 ug of rGal-3 (Peprotech) +/- 25 nM of lactose was added and incubated

overnight with rotation.

Immunoprecipitations were performed using 25 pl nickel beads per samples, which
were first washed with PBS (-/-), before incubating with samples for 1.5 hours.
Samples were centrifuged for four minutes at 10,000 rpm, the liquid discarded and
replaced with IP wash buffer (100 mM Tris pH 7.5, 200 mM NacCl and 0.5% v/v NP40),
repeated four times to remove unbound proteins. After the final wash, 60 ul of 2x
sample buffer was added to the beads ready for running SDS-Page gel (Section 2.5.3)

and Western blot.

Table 4: Co-immunoprecipitation conditions for analysis of Gal-3-MMRN2
interactions

Expression vector Pull-down Bead capture
MMRN2 PX-Gal3 +/- Lactose Nickel
Empty vector PXGal-3 +/- Lactose Nickel
MMRN2-His rGal-3 +/- Lactose Nickel
Empty vector rGal-3 +/- Lactose Nickel
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2.9 Mice used for experimental studies

Global Gal-37, Gal-9”- and Gal-3/Gal-9”- knockout mice were on a homogenous
C57BL/6 background. In all experiments age and sex-matched controls (wildtype (WT)

C57BL/6) were purchased from Charles River.

2.9.1 Complete blood count analysis

For basal blood count analysis, samples were collected by exsanguination from mice
anesthetised using 4% isoflurane in 100% O2. For post-IVM analysis, blood was
collected from the inferior vena cava (IVC). Blood was diluted 1:9 with acid citrate
dextrose anticoagulant (ACD, 100 mL made using citric acid monohydrate 0.8 g;
dextrose monohydrate 2.45 g; sodium citrate dihydrate 2.2 g; in water. Complete blood
counting (CBC) was carried out using the Pentra ES 60 automated haematology

analyser (HORIBA ABX SAS).
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2.10 Intravital Microscopy (IVM) Based Studies

2.10.1 Cytokine-induced Inflammation

To assess the role of galectins in the inflammatory response, mice were given
intrascrotal (1.S) injection of either TNFa (500 ng) or IL-1B (50 ng) in a total volume of
200 ul PBS (-/-), two hours prior to surgery and between four and six hours before

imaging post-capillary venules in the cremaster (Section 2.10) (Figure 6). These
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Figure 6 (A-B): Intravital microscopy was used to investigate leukocyte
trafficking events in vivo.

(A) Mice received 200 pl intrascrotal injections of either 50 ng IL-13 or 500 ng TNFa in PBS two hours
prior to surgery. Following anaesthesia of the mice, the trachea was exposed and cannulated to ensure
maintained breathing before the carotid artery was cannulated for delivery of fluorescently labelled
antibodies to detect Grl+ cells. An incision was made in the scrotum to expose the testicle. (B) The
cremaster muscle was cauterised straight down the middle and spread flat across the transparent
viewing platform and held taut using sterile staples pinning the cremaster to the sponge board. After a
30-minute resting period, 3-6 blood vessels each of 15 — 50 um in diameter were selected and recorded
for 1-minute for analysis of Grl+ cells using fluorescence, and unlabelled leukocytes by brightfield
imaging. Analysis of rolling flux, firm adhesion (>30 s) and transmigration was performed within 100 ym
lengths of each vessel.
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conditions were decided based on previously reported protocols (Woodfin et al. 2009;

Gittens et al. 2017).

2.10.2 Pre-surgical Preparation

All equipment to be used during surgical procedures were sterilised either by
autoclaving (e.g. surgical instruments), or by disinfecting with Sterillium (e.g. downdraft
surgical table, imaging stage). The surgical board was pre-heated to 39°C prior to
surgery and covered with a surgical drape. An induction dose of
ketamine/medetomidine (Ket/Med) (10 ul/g body weight) was administered to the
mouse via intraperitoneal (I.P) injection, followed by confirmation of complete
anaesthesia by pedal reflex. Maintenance anaesthesia was delivered in 50 pl doses
by I.P when necessary. Prior to surgery, hair was removed from the operating areas
using Veet hair removal cream, and the underlying skin was disinfected using
Sterillium. With the mouse on its back, a small piece of surgical thread was hooked
around the front two teeth and taped back to the surgical board to keep the neck
exposed. Forelimbs were spread and taped apart to expose the cervical area.
Installation of a tracheal tube was necessary to ensure proper ventilation during
surgery and imaging. This was performed by exposing the area of trachea in the
cervical region of the mouse and making a small incision in the annular ligament
between two cartilage rings of the trachea. A small metal tracheal cannulae was

inserted into the hole and secured in place using a double knotted suture.

Following insertion of the tracheal cannula, the left carotid artery was exposed and
separated from the vagus nerve. A knotted suture was placed onto the carotid artery
at the end closest to the head of the animal, and a microvascular clamp was placed

as far back on the artery as possible to restrict blood flow. A small incision was made
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in the artery before insertion of a cannula attached to a 1 ml syringe of PBS (-/-)
required for injection of maintenance fluids and fluorescently labelled antibodies. The
cannula was held securely in place using a double knotted suture (Kunkel and Ley

1996).

2.10.3 Exteriorisation of Cremaster Muscle

The cremaster muscle was used to observe leukocyte trafficking events in vivo (Kunkel
and Ley 1996). To prepare for this, the mouse was moved from the surgical
preparation mat and onto an imaging stage, comprised of a raised Perspex cylinder
with a sponge ring around a permanently fixed glass coverslip where the mouse’s hind
legs were taped apart and against the raised cylinder. PBS (+/+) was placed onto the
imaging window and on to the scrotum before a small cut was made at the distal end
of the scrotum. Using forceps, the cremaster muscle was exteriorised and pinned onto
the sponge board using needles bent into a 2-pronged shape. To prevent the
cremaster muscle from drying, PBS (+/+) was applied throughout the preparation. The
skin surrounding the cremaster was gently pulled away and excess fatty tissue was
cleared using forceps. The cremaster muscle was cauterized down the middle, spread
flat against the viewing stage and held firmly in place with sterile staples into the
sponge ring. Finally, the tissue and vessel connecting the testes to the cremaster was
cauterized to separate the two, and the testes were pushed back into the scrotum. The
viewing stage was moved to the Zeiss Axio Upright Confocal microscope set up with
a water immersion lens to allow for continuous superfusion with warmed PBS (+/+). A
30-minute stabilisation period was initiated prior to capturing images or videos, in

which the delivery of fluorescent antibodies (PE conjugate anti-mouse Ly-6G/Ly-6C
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[Gr-1], Clone: RB6-8C5, Bio-Rad; and APC anti-mouse CD3 Antibody, Clone: 17A2,

Biolegend) via the 1.V cannula was performed.

Post-capillary venules with a diameter between 16 — 50 um were selected and imaged
using brightfield and fluorescence acquisition on the Zeiss Axio Upright Confocal
microscope fitted with a 40 X objective lens. All videos were captured using Slidebook
software from Intelligent Imaging TTL and analysed with SlideBook Reader and Fiji

software (Schindelin et al. 2012).

2.10.4 Analysis of IVM Images and Recordings

Leukocyte rolling flux, firm adhesion and transmigration were measured in 100 pum
segments taken from recordings of 3-6 vessels per mouse, from 7-9 mice per group

(Kunkel and Ley 1996).

Cell flux was analysed by counting cells that pass a perpendicular line drawn through
the vessel within the 60 second capture. Firm adhered cells were defined as cells
remaining stationary on the vessel wall for more than 30 seconds per recording, and
transmigrated cells as those within the area 100 um length by 50 um width, on both

sides of the vessel (Figure 6).
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2.11 Statistical analysis

GraphPad Prism software (GraphPad Software) was used for all statistical analysis.
Normal distribution was tested using Shapiro-Wilk test. Analysis of differences
between two groups were performed by t-test. For comparison of two or more groups,
one- and two-way Analysis of variance (ANOVA) with appropriate post hoc testing
were performed. For data which was not normally distributed, a Kruskal-Wallis test
was performed. Correlation analysis was performed using Spearman’s rank

correlation coefficient. A p value < 0.05 was considered significant.
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CHAPTER 3: CHARACTERISING THE REGULATORS OF
ENDOGENOUS ENDOTHELIAL GALECTIN EXPRESSION
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3.1 Introduction

The endothelium is a crucial component in immune regulation and maintaining
homeostasis. Dysfunctional endothelium has been linked to pathogenesis of
inflammatory diseases, including atherosclerosis, diabetes, and rheumatoid arthritis
(Gimbrone and Garcia-Cardena 2016; Hadi and Suwaidi 2007; Yang, Chang, and Wei
2016). In these instances, the endothelium’s response to microenvironmental changes
is controlled by physical, mechanical, and biochemical mechanisms which become

dysregulated in disease.

Mechanotransduction, the process by which cells convert mechanical stimuli into
biochemical signals, allows endothelial cells to adapt to changing microenvironments.
For instance, endothelial cells lining arteries and veins respond differently to shear
stress, reflecting their distinct roles. Low shear stress in veins facilitates leukocyte
trafficking, while high shear stress in arteries promotes oxygen delivery and can be
characterised by greater expression of adhesion molecules such as ICAM1 and
VCAM1, and KLF2 and NOS3 genes in the low and high shear environments,
respectively (Chien 2007; Harrison et al. 2006; Huang et al. 2023). Unpublished
microarray expression profiling results from departmental colleagues; S. Durant,
H.M.McGettrick and R. Bicknell, showed that LGALS9 and LGALS8 are both
upregulated in HUVEC cultured for 24 hours under 1.5 Pa (15 dynes/cm?) laminar
shear stress, whilst LGALS1 transcription was downregulated compared to static
control [methods detailed in (Wragg et al. 2014)]. This prompted our investigation into

the shear regulation of endothelial galectins in this chapter.

Endothelial cells express galectin-1, -3, -8 and -9 under basal conditions (Thijssen,

Hulsmans, and Griffioen 2008). Research from our lab reports that LGALS9
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transcription is upregulated in HUVEC in response to pro-inflammatory mediators
including Poly:IC and TNFa + IFNy (Krautter et al. 2022). There is limited data on the
regulators of galectin-1, -3 and -8 expression in HUVEC, and no reports on the shear
regulation of galectins have been published to date. As such, within this chapter we
aimed to investigate regulators of endothelial galectin expression, with a particular
focus on exploring shear regulation and responses to pro-inflammatory mediators. We
next combined the two themes through the study of galectin expression in liver
sinusoidal endothelial cells (LSEC) in normal and diseased liver sections, which are

exposed to low shear stress and undefined inflammatory cytokines in situ.
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3.2 Shear regulation of endothelial galectins

3.2.1 Orbital shaking culture of endothelial cells upregulates galectin transcription

in vitro.

To validate the results identified in public RNA sequencing and microarray datasets,
we cultured both HUVEC and HAEC under orbital shaking conditions of 125 rpm for
either 24 or 72 hours and looked at changes in galectin expression by qPCR, ELISA
and immunofluorescence. Within shaking cultures, cells are exposed to
‘atheroprotective’ laminar flow in the periphery of the well, whilst the cells at the centre
are subject to ‘atherogenic’, disturbed and multidirectional patterns of flow (Figure
7A). HUVEC cultured for 24 and 72 hours under orbital shaking conditions had
increased LGALS3 and LGALS9 transcription compared to static control (Figure 7B).
This finding was consistent with the upregulation of KLF2, a shear regulated control
gene, under the same conditions (Figure 7B). Both LGALS3 and LGALS9 were
similarly upregulated in HAEC following 24- and 72-hour culture with orbital shaking
(Figure 7C). Notably, LGALS1 transcription was significantly downregulated in
response to 72 hours of orbital shaking culture in HAEC only, and not in the HUVEC
(Figure 7B & C). We observed no changes in LGALS8 transcription in the orbital
shaking compared to static culture. Due to the comparable trends observed between
HUVEC and HAEC, we opted to continue using only HUVEC throughout our studies,
as we were able to access them more readily through our collaborative partnership
with Sandwell and West Birmingham Hospitals. In addition to this, it was reported that
differentially expressed genes (DEGs) were most prominent when comparing PO cells

to both the early and late passaged HUVEC (P2-3 and P7-8, respectively), suggesting
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that any ex vivo culture and/or expanding of the cells has a significant effect on the

HUVEC transcriptional responses to environmental changes.
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Figure 7: Endogenous endothelial galectin-3 and -9 expression is shear
regulated.

(A) Endothelial cells grown under orbital shaking conditions (125 rpm) exposes the cells to both
atheroprotective laminar and atherogenic disturbed shear stress. (B) Human umbilical vein endothelial
cells (HUVEC) and (C) human aortic endothelial cells (HAEC) show increased galectin-3 (LGALS3) and
galectin-9 (LGALS9) transcription following culture for 24 and 72 hours with orbital shaking compared
to static control. Statistical analysis was performed for each gene, against static control, using unpaired
t-test of orbital shaking and static control groups. Data are presented mean + SEM (biological repeats
HUVEC n=5, HAEC n=3). p-value < 0.05 (*), < 0.01 (**), < 0.001 (***).
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Our results show that culturing HUVEC with orbital shaking conditions modulates
LGALS3 and LGALS9 gene transcription through overexpression. We determined
LGALSS8 to be unaffected by shaking culture, whilst LGALS1 transcription was
downregulated only in the HAEC after 72 hours culture with orbital shaking (Figure
7B & C). Overall, these results suggest that endothelial galectin transcription is
regulated by shear stress. Subsequently, we sought to determine whether the changes
in transcription induced by orbital shaking culture were also reflected in protein

expression levels.
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We used ELISAs to measure the amount of soluble Gal-3 and -9 in the supernatants
of HUVEC cultured with orbital shaking conditions compared to static. We saw greater
amounts of both Gal-3 (Figure 8A), and Gal-9 (Figure 8B) in the supernatants at 72
hours compared to 24 hours. On comparing the effects of orbital shaking culture to
static control, we saw that levels of Gal-3 were reduced at both timepoints, and that
this reduction was statistically significant after 72 hours of orbital shaking culture
(Figure 8A). Soluble Gal-9 was detected in all culture conditions, though not to the
same extent as expected based on the gPCR data showing that LGALS9 transcription
is increased 2-fold following orbital shaking culture, compared to static control (Figure
7). The discrepancy between the fold-differences observed between static and
shaking culture in the gPCR and ELISA data might be due to protein expression being
restricted to within the cell, on the cell membrane, or within extracellular vesicles,

making them undetectable via ELISA (Banfer and Jacob 2020).

No significant differences in the concentration of soluble Gal-9 was observed between
the culture conditions or between the hours spent in culture (Figure 8B). Overall, we
saw greater amounts of Gal-9 than Gal-3 in HUVEC supernatants, although the
concentrations only ranged 1-4 ng/ml (Figure 8). This is relatively low, at least
compared to levels of Gal-9 in supernatant following HUVEC stimulation with TNFa
and IFNy, which increased to 10 ng/ml after 24 hr (Krautter et al. 2022). The general
trend in this data suggests that expression and secretion of Gal-3 and Gal-9 is
maintained over time, in-line with upregulated transcription. Due to the heterogeneity
and complexity of shear rates and patterns within the wells of culture plates
undergoing orbital shaking, we are unable to draw firm conclusions on the specific
shear regulation of galectins from gPCR and ELISA alone. Instead, we sought to use

immunofluorescence microscopy to quantify the mean fluorescence intensity of
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galectin expression at specific regions of the well that have previously been mapped

for their shear stress values (Velasco et al. 2016).
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Figure 8: Concentration of soluble galectin decreases following culture with
orbital shaking.

HUVEC were cultured for 24 and 72 hours under orbital shaking conditions (125 rpm). The
concentration of (A) soluble galectin-3 and (B) galectin-9 in the supernatants was measured by ELISA.
A two-way ANOVA was conducted to test the effects of culturing HUVEC under orbital shaking and time
in culture on the expression of soluble galectin-3 (A) and galectin-9 (B), as detected by ELISA. The
effect of culturing HUVEC under orbital shaking was significant on Gal-3 expression (p <0.05) but not
Gal-9. Post-hoc comparison using Tukey’s test revealed that there was a significant reduction in soluble
Gal-3 in the supernatants of HUVEC grown under orbital shaking conditions compared to static control
p-value < 0.05 (*). Data are presented mean + SEM (biological repeats n=3).

Since we aimed to detect proteins either within or on the cell surface of HUVEC, and
not the secreted proteins, we chose to perform immunofluorescence microscopy on
cells following 24 hours of culture. We opted to perform immunofluorescence staining
on HUVEC after 24 hours in orbital or static culture, since we observed both gene
transcription to be upregulated, as well as secreted protein at this timepoint. To do
this, the relative mean fluorescence intensity from images taken across 10 — 14

positions within each well and biological replicate, was compared between orbital
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shaking and static control. We observed that the average relative mean fluorescence
of Gal-3 (Figure 9A) and Gal-9 (Figure 9B) expression was greater in HUVEC
cultured under orbital shaking conditions compared to static control. This observed

difference was only significant for galectin-9 immunofluorescence (Figure 9B).
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Figure 9: Immunofluorescence staining of HUVEC grown in culture with orbital
shaking show greater levels of galectin-3 and -9 positive staining.

Galectin-3 and -9 expression was measured by immunofluorescence staining in HUVEC cultured for
24 hours with 125 rpm of orbital shaking. Greater mean fluorescence in Gal-3 and Gal-9 probed cells
above isotype control, was observed in orbital shaking culture conditions relative to static control.
Images were taken at 10 — 14 locations within tissue culture wells and the relative mean fluorescence
from all locations within each well was then averaged to represent one biological replicate. Statistical
analysis was performed using unpaired t-tests. Data are presented mean + SEM (biological repeats
n=6). p-value < 0.01 (**).
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To investigate whether specific regions within the well exhibited greater galectin-
positive staining, we divided images based on their location within the periphery or
centre of the wells, which correspond to laminar high-shear stress (periphery) and
disturbed lower-shear stress zones (centre), respectively, as established and reported
elsewhere (Figure 10A) (Velasco et al. 2016). Although our findings were not
significant by statistical testing, we saw more even Gal-3 positive staining in all areas
of the well relative to static control images (Figure 10B). For Gal-9 staining we
observed greater average relative mean fluorescence in the periphery of the well
(Figure 10C). These data might suggest that Gal-3 is bound onto the surface of the
HUVEC, since the conditioned medium will contact all areas of the well through
shaking culture. Meanwhile, greater fluorescence of Gal-9 in the periphery of wells
undergoing shaking culture suggests intracellular expression of Gal-9 is regulated by
laminar shear stress. Thus, specific conditions of shear stress are responsible for the
up- and down- regulation of galectin-3 and -9 expression in HUVEC compared to static

culture.
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Figure 10: Immunofluorescence staining of HUVEC cultured under static
conditions and 125 rpm orbital shaking show differential galectin-3 and -9
expression depending on shear stress.

(A) Ten to fourteen images were taken across each well, distinguishing between regions of high laminar
shear stress (periphery) and disturbed and lower shear stress (centre), as mapped and reported in
(Velasco et al. 2016). Galectin-3 and -9 expression was quantified by averaging the mean fluorescence
of images taken from the periphery and centre of each well from the orbital shaking conditions relative
to static control. Statistical analysis was performed using unpaired t-tests. Data are presented mean +
SEM (biological repeats n=6).
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Overall, our results presented within this section suggests that transcription and
subsequent expression of galectins, namely Gal-3 and Gal-9 from endothelial cells is
regulated by shear stress. The heterogeneity of flow rates and patterns inflicted on
cells within the orbital shaking model does not allow us to draw firm conclusions on
the specific shear regulation taking place. Instead, we used the Ibidi Pump System as
a more robust model that allows us to define shear stress rates, mimicking
physiological conditions including continuous unidirectional and oscillating patterns of

flow to understand the shear regulation of galectins.

3.2.2 Investigating defined and complex shear stress patterns on galectin

transcription in HUVEC using the ibidi culture system.

To better understand which flow rates and/or flow patterns are regulating galectin-3
and -9 expression in vitro, we cultured HUVEC under either high (2 Pa) or low (0.05
Pa) shear stress using the Ibidi pump culture system. We looked at changes in gene
transcription of galectins and control genes by gPCR, relative to static control over 4
— 48 hours. The difference in relative transcription of LGALS1 (Figure 11A), LGALSS3
(Figure 11B) and LGALSS8 (Figure 11C) between the two shear stress rates and to
static control was not significant across any of the timepoints in culture. Despite this,
we observed an increase in the relative expression of LGALS3, by ~1.5 fold at the 24-
and 48-hour time points in HUVEC cultured under 2 Pa laminar flow compared to static
control (Figure 11B). Transcription of LGALS9 was statistically lower in HUVEC after
48-hour culture with low shear stress compared to static control (Figure 11D). Our
shear-regulated control genes, CLEC14A (Figure 11E) and KLF2 (Figure 11F) were
significantly down- and upregulated, respectively, following four hours of culture with

high shear stress compared to static control (Wu et al. 2022). Previous reports have
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shown that CLEC14A expression is reduced by ~90% after 24 hours in HUVEC
cultured with 2 Pa of shear stress compared to static control (Mura et al. 2012b).
Meanwhile, we observed a reduction of only ~50% in CLEC14A transcription which
was consistent across all timepoints (Figure 11E). We also observed a significant
difference in the expression of CLEC14A between 2 Pa and 0.05 Pa experiments at
the 12-hour timepoint only (Figure 11E, denoted by #). Compared to the results
obtained using the orbital shaking model, we observed a more reserved difference in
the fold change in galectin gene responses, for which we saw very few changes in the
relative transcription of in HUVEC cultured at both 2 Pa and 0.05 Pa over time. Since
we only tested 0.05 and 2 Pa, we might have observed greater differences at the
higher shear stress rates, perhaps mimicking the arterial flow which is greater than 2
Pa (Mishani et al. 2021). We next aimed to determine whether flow patterns,
particularly oscillatory and laminar shear stress affect galectin gene transcription

compared to static control.
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Figure 11: Galectin transcription in HUVEC following culture with low and high
laminar shear stress over time relative to static control.

(A-F) HUVEC were cultured for 4, 12, 24 and 48 hours with either low shear stress (LSS, 0.05 Pa), high
shear stress (HSS, 2 Pa) laminar flow, or no laminar flow (static, dashed line) and analysed for gene
transcription by gPCR. Culture with both laminar HSS and LSS appeared to have little effect on
endothelial galectin (A-D) gene transcription over time. CLEC14A (E) and KLF2 (F) control genes were
down- and upregulated, respectively in response to HSS over time. A two-way ANOVA was conducted
to test the effects of shear stress and time in culture on gene transcription, revealing a significant effect
of shear stress on gene transcription in KLF2 and CLEC14A only (p-values < 0.05). Post-hoc
comparisons using Tukey’s test revealed that the mean fold change in transcription of LGALS9,
CLEC14A and KLF2, following culture with HSS (red) or LSS (blue) shear stress was significantly
different from static (*) or between shear stress rates (#) at the different time points. p-value < 0.05
(*)/(#), < 0.01 (**). Data are presented mean + SEM (n=3).
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gPCR was used to assess gene transcription in HUVEC cultured for 24 hours under
laminar or oscillatory shear stress at 0.3 Pa, 1 Pa, or 2 Pa compared to static controls,
based on previously reported experimental conditions (Sheikh et al. 2003). We first
confirmed the efficacy of this model through the observation of morphological
changes; elongation and alignment of HUVEC in the direction of flow at 0.3 and 2 Pa.
We observed more prominent elongation and alignment in the HUVEC cultured with 2
Pa of laminar shear stress compared to 0.3 Pa (Figure 12). Of note, we see a white
halo around the HUVEC that have undergone culturing with 2 Pa laminar flow which
is not observable in the other conditions and may be due to changes in the cell

cytoplasm arrangement that affects the 3D shape of the HUVEC.

Laminar Oscillating Static

0.3Pa §
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Figure 12: Endothelial cell morphology appeared directional with high laminar
shear stress and less so with oscillating culture.

HUVEC morphology was changed through culture with high laminar shear stress (2 Pa), and less so
with the oscillating culture or lower shear stress (0.3 Pa). Images representative of repeat experiments
(n=4). Scale bar bottom right 15 um.

Our gPCR results show that the relative transcription of LGALS1 was significantly
lower in HUVEC cultured with oscillatory flow compared to laminar flow at 0.3 Pa, and
not with increased shear stress of 2 Pa (Figure 13A). We saw a similar trend in
LGALSS3 transcription, where the relative expression was lower in HUVEC cultured
with oscillating compared to laminar flow at both 0.3 Pa and 1 Pa shear stress,

although this difference was not statistically significant (Figure 13B). The trends in
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LGALSS transcription were inconsistent as we saw a large spread in our repeat
samples (Figure 13C). We saw a significant decrease in LGALS9 transcription
following culture with oscillatory flow at all shear stress rates, relative to static control
(Figure 13D). Meanwhile, LGALS9 transcription was significantly upregulated
following culture with 1 Pa of laminar flow (Figure 13D). With this experiment, we no
longer saw significant reductions in CLEC14A transcription in response to culture with
high laminar shear stress as was observed in our previous experiment (Figure 13E).
Though we observe a cluster of datapoints suggesting that CLEC14A transcription is
overall reduced with increasing levels of laminar shear stress, particularly following
culturing at 2 Pa, though may require repeat experiments using higher shear stress to
confirm (Figure 13E). With oscillatory flow, we observed a 2-fold increase in CLEC14A
transcription in both 1 Pa and 2 Pa conditions relative to static control (Figure 13E).
The observation that CLEC14A transcription is upregulated with disturbed high shear
stress has previously been reported in H-type vessels within the bone. In contrast, L-
type vessels, which display lower but still disturbed shear stress rate show lesser
CLEC14A transcription (Neag 2022). As expected, KLF2 was upregulated with
increasing rates of laminar shear stress and supressed with prolonged exposure to
oscillatory flow (Figure 13F) (Wu et al. 2022; Wang et al. 2006). From this experiment
we identified LGALS9 to be upregulated in response to increasing rates of laminar flow
and downregulated in response to culture with oscillatory flow, thus identifying distinct
galectin gene responses to both the rate and patterns of shear stress in HUVEC
cultured over 24 hours. Meanwhile, LGALS3 transcription appears to be stable

following culture with both laminar and oscillatory flow at 0.3, 1 and 2 Pa shear stress.
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Figure 13: gPCR analysis of transcription of galectin genes in HUVEC following
culture with low, medium, and high laminar or oscillatory shear stress over time
relative to static control.

(A-F) gPCR gene transcription analysis was performed on HUVEC cultured for 24 hours under either
laminar or oscillatory flow conditions of 0.3, 1 or 2 Pa shear stress and shown relative to static control.
A two-way ANOVA was conducted to test the effects of flow patterns and shear stress rates on gene
transcription, revealing a significant effect of shear pattern on gene transcription in KLF2, CLEC14A (p-
values < 0.05) and LGALS9 (p < 0.001). Post-hoc comparison using Tukey’s test revealed that the
mean fold change in transcription of LGALS1 and LGALS9 was significant between flow patterns. p-
value < 0.05 (*), <0.01 (**), p < 0.001 (***). Data are presented mean + SEM (n=4).
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Overall, the results presented within this section show that there is very little effect of
both low and high laminar shear on the transcription of LGALS1, LGALS3 and LGALSS8
in HUVEC over time. We do, however, identify differences in the transcription of
LGALSS9 in response to laminar and oscillatory flow with increasing rates of shear
stress. Since KLF2 plays an atheroprotective role in endothelial cells exposed to
prolonged laminar shear stress, the trends we observe in Gal-9 expression may
suggest an anti-inflammatory or protective role for endothelial galectin-9, though the
context in which this might be the case is still to be elucidated. Indeed, it is evident
that there are limitations in the orbital shaking and Ibidi pump models used to study
shear stress that makes it difficult to draw firm conclusions from our data. The lack of
robustness in either of these experiments also highlights that results from publicly
available datasets should be interpreted with caution before drawing any firm

conclusions.
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3.3 Endogenous galectin expression is modulated in response to

inflammatory mediators.

Having identified Gal-9 as being regulated by shear stress, we next wanted to confirm
the results from previous reports of pro-inflammatory stimuli as mediators of
endothelial galectin expression (Krautter et al. 2022). Published data from our lab
shows that soluble and cell surface Gal-9 was significantly increased, as well as
LGALS9 mRNA, in response to stimulation with TNFa + IFNy, and Polyl:C, compared
to untreated control (Krautter et al. 2022). We mimicked this study using the same
stimuli with HUVEC to investigate whether expression of the other endothelial

galectins was also regulated by pro-inflammatory mediators.

Amongst all treatment conditions, LGALS9 transcription was the most differentially
modulated gene in HUVEC (Figure 14A), and HAEC (Figure 14C). We observed the
greatest log fold increase in transcription for LGALS9, compared to any of the other
LGALS genes (Figure 14A). This was of a similar degree to our positive control gene,
VCAM1, which is upregulated following endothelial activation to carry out its function
as an adhesion molecule for leukocyte trafficking (Figure 14A & C). On further
interrogation of the transcriptional changes in LGALS9, we observed ~32-fold increase
in gene transcription following IFNy and Polyl:C treatment, and approximately a 64-
fold increase in response to TNFa + IFNy combined treatment at both 24- and 48 hours
(Figure 14B). Of note, these mediators are associated with viral immunity, compared
to TNFa which is a mediator more broadly associated with inflammation. The trends
observed in LGALS9 transcription in HUVEC were also seen in the HAEC, though
TNFa had a greater effect on gene upregulation at 24 hours in HAEC (Figure 14D).

Our HAEC sample size was too small to perform any meaningful statistics but has
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been included to show that similar trends are evident between the two cell sources.
The extent to which LGALS9 was modulated in HUVEC following treatment with
inflammatory stimuli was similar to the response observed for VCAM1, which is highly
suggestive that Gal-9 also plays a crucial role in the inflammatory response. We next
wanted to determine whether the differences in expression were apparent also at the

protein level.
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Figure 14 (A-D): Transcription of endogenous galectins is modulated in
endothelial cells following stimulation with pro-inflammatory mediators.

gPCR gene transcription analysis was performed on HUVEC (A&B) and HAEC (C&D) cultured for 24
or 48 hours with either TNFa (10 ng/ml), IFN-y (20 ng/ml), polyinosinic-polycytidylic acid (Poly:IC, 20
pa/ml) or TNFa + IFN-y (10 ng/ml, 20 ng/ml). Heat maps show log fold change in gene expression of
galectins and VCAML1 positive control in HUVEC (A) and HAEC (C) relative to untreated control. A two-
way ANOVA was conducted to test the effects of treatment stimulus and time on LGALS9 gene
transcription, revealing a significant effect of treatment on gene transcription (p <0.05). Post-hoc
comparison using Dunnett's test revealed that the mean fold change in transcription of LGALS9 relative
to untreated control was significant in IFN-y, TNFa + IFN-y and Poly:IC treated HUVEC at 24 hours. p-
value < 0.05 (*), <0.01 (**), p < 0.001 (***). Data are presented mean + SEM (n=3 HUVEC, n=2 HAEC).
Similar trends were observed in HAEC, though this was not tested using statistical tests (D).
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To further interrogate the changes in LGALS9 transcription, we performed Western
blot analysis on whole cell lysates from HUVEC treated with TNFa + IFNy compared
to untreated control. We were unable to suitably determine Gal-9 protein levels due to
poor resolution of bands on the Western blot. We were able to detect Gal-3 within cell
lysates and observed ~25% decrease in protein levels in HUVEC treated with TNFa +
IFNy for 24 hours, compared to unstimulated control (Figure 15). Although we were
unable to get meaningful results from the Gal-9 Western blot, previously published
results from our lab confirm that total Gal-9 protein is increased in HUVEC following
24-hour treatment with TNFa + IFNy compared to untreated control, as detected by

western blot, flow cytometry and ELISA (Krautter et al. 2022).
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Figure 15 (A-B): Expression of endogenous galectin-3 is modulated in
endothelial cells following stimulation with inflammatory mediators.

(A) Effect of inflammatory mediators on the expression of galectin protein in endothelial cells. Western
blots showing Gal-3 total protein expression in HUVEC following 24-hour treatment with TNFa + IFN-y
(10 ng/ml, 20 ng/ml). A Wilcoxon matched-pairs signed rank test was conducted to test the effects of
TNFa + IFN-y treatment on Gal-3 protein expression compared to untreated control and was deemed
not significant. Data are presented mean = SEM (n=3). (B) Representative Western blot shows reduced
intensity of Gal-3 protein in lysates from treated cells compared to untreated control.
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IFNy is a type Il IFN which interacts with the interferon-gamma receptor complex
(IFNGR) on the cell surface to induce STAT signalling through GAS elements,
resulting in pro-inflammatory phenotypes. Poly:IC on the other hand, targets TLR3
receptors on ECs and induces transcription of type | IFN stimulated genes (Platanias
2005). We wanted to test whether type | IFNs; IFNa2 and IFN(, could also regulate
LGALSS9 gene transcription through direct mechanisms with interferon-a/f3 receptors.
We found that LGALS9 transcription was upregulated in a dose-dependent manner

for both IFNs, more so in IFN than IFNa2 (Figure 16).
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Figure 16: Galectin-9 gene transcription is modulated by IFNa2 and IFNS
treatment.

gPCR analysis of LGALS9 gene transcription was performed on HUVEC stimulated with increasing
concentrations of IFNa2 (A) and IFNB (B) for 24 hours. Statistical analysis was performed using one-
way ANOVA with Dunnett's multiple comparisons follow up test. A repeated measures one-way ANOVA
was conducted to compare the mean of treated conditions to untreated control and deemed not
significant. Post-hoc comparison using Dunnett’'s test revealed that the mean fold change in
transcription of LGALS9 relative to untreated control was significant in HUVEC treated with 0.1 — 2
ng/ml of INF-B2 only. p-value < 0.05 (*), < 0.01 (**). Data are presented mean + SEM (n=3 HUVEC).
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Overall, this response is less so than observed in cells treated with IFNy, where we
see a 32-fold increase in LGALS9 transcription, compared to ~15-fold with IFN
(Figure 14). The transcriptional regulation of galectin genes in response to pro-
inflammatory mediators, supports a role for endothelial LGALS9 in the inflammatory
response. We therefore aimed to further investigate the transcriptional effects of viral-
associated mediators on HUVEC to elucidate Gal-9 roles in inflammation and immune

responses.
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3.4 Characterisation of Galectin expression in human liver

We were kindly given cDNA and tissue sections from Dr Daniel Pattern and Prof
Shishir Shetty (Institute of Immunology and Immunotherapy, University of
Birmingham) so that we could investigate galectin expression in the liver. The liver is
a tissue prone to viral infection and damage from lifestyle choices. It is also unique in
that it is a highly vascularised area that contains many vessels throughout, called
sinusoids. These sinusoids are exposed to low shear stress in situ and are the site for
leukocyte trafficking in the liver (Wilkinson, Qurashi, and Shetty 2020). Since we have
shown that galectin expression is modulated with non-static culture conditions, this
research combines the themes of shear stress and inflammation to provide additional

context to determine galectin function ex vivo.

We measured galectin gene transcription in liver sinusoidal endothelial cells (LSEC)
and found no significant changes in LGALSL1 transcription in response to either TNFa,
IFNy or with the combination of both TNFa + IFNy (Figure 17A). Meanwhile, LGALS3
was significantly downregulated by ~3-fold following the combination treatment and
compared to unstimulated control (Figure 17B). LGALS9 was significantly
upregulated by ~32-fold in response to TNFa + IFNy combination treatment, and ~5-
and ~20-fold with each individual component, respectively (Figure 17). We confirmed
LSEC activation through the upregulation of ICAM1 (Figure 29D). Our observations
in LSEC are similar to the trends seen in HUVEC, where the combination treatment of
TNFa + IFNy is most potent in regulating LGALS3 and LGALS9 gene transcription

compared to treatment with each individual component alone (Figure 17B and C).
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Figure 17: Galectin genes are differentially transcribed in liver sinusoidal
endothelial cells in response to pro-inflammatory stimuli.

MRNA transcription of A) Galectin-1 (LGALS1), B) Galectin-3 (LGALS3), C) Galectin-9 (LGALS9), and
D) Intercellular Adhesion Molecule 1 (ICAM1) in response to TNFa, IFN-y, or TNFa + IFN-y treatment
were examined in liver sinusoidal endothelial cells (LSEC) cDNA by gPCR and shown as fold change
relative to untreated control (dotted line). Samples were kindly provided by Dr Daniel Pattern, University
of Birmingham. Statistical analysis was performed using Kruskal-Wallis test with Dunn's post hoc test.
p-value < 0.05 (*). Data are presented as median + IQR of n=3 biological repeats.
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We next looked at the expression profile of Gal-3 and -9 in the liver, using tissue
sections taken from diseased and non-diseased patients. We sourced sections from
non-diagnosed (normal), primary sclerosing cholangitis (PSC), alcoholic liver disease
(ALD) and primary biliary cholangitis (PBC) patients for IHC staining. Gal-3 expression
was minimal across all disease types, with the strongest positive staining observed in
areas of fibrotic scarring (dashed line) on liver sections from patients with ALD, and
some sinusoidal patterns of expression indicated by the arrowheads in PBC and ALD
patient tissue (Figure 18). Gal-9 expression was observed throughout all sections,
including the normal control (Figure 18). Sections from patients with diagnosed ALD
and PSC were also positive for Gal-9 expression but was most strongly expressed in
PBC. Expression of Gal-9 was largely located to sinusoids (arrowhead) in the PBC
sections, and across all sections we observed positive staining within the sinusoids in
what looked to be liver-resident macrophages, the Kupffer cells (arrows) (Figure 18).
These data highlight that differential galectin expression, particularly Gal-9, may be

determined by differences in the pathology of disease, at least within the liver.
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Figure 18: Galectin-9 (Gal-9) was expressed highly in liver tissue sections from
primary biliary cholangitis (PBC) patients.

Gal-9 (brown, right column) expression appeared localised to sinusoids (arrowheads), within sinusoids
in what resemble Kupffer cells (arrows), and in areas of fibrotic scar tissues (inside dashed lines) within
liver tissue sections from non-diagnosed (normal), primary sclerosing cholangitis (PSC), alcoholic liver
disease (ALD) and primary biliary cholangitis (PBC) patients. Less galectin-3 (Gal-3) expression was
observed in liver tissue sections. Hepatocytes appeared negative for Gal-9 expression. Samples were
counterstained with haematoxylin for nuclear staining. Hepatocytes were negative for galectin
expression. Images were selected using Zen Blue software (Zeiss) after acquisition of entire tissue
sections using a Zeiss Axio Scan.Z1 with 20x objective. Images shown are representative of 3-4 patient
samples for each disease for galectin-9 and only two patients per condition for galectin-3. Scale bars
represent 100 um.



We next looked at Gal-9 expression in sections of liver from patients diagnosed with
Hepatitis C (HepC), based on our observation that Gal-9 transcription was upregulated
in response to viral-associated mediators in vitro, and that PBC has been linked to
viral infection (Xu et al. 2003; Tanaka, Leung, and Gershwin 2019). We observed a
large amount of positive staining for Gal-9 within HepC positive liver sections,
particularly on the luminal side of the sinusoids, similar to the pattern we observed in
the PBC sections (Figure 19). We also saw positive staining for Gal-9 in Kupffer-cell
like structures inside the sinusoids (Figure 19). Our results from ex vivo staining of
liver sections strongly supports our in vitro findings that Gal-9 expression is highly

regulated by viral-associated mediators and requires further investigation to confirm.
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Figure 19: Galectin-9 (Gal-9) was expressed highly in liver tissue sections from
Hepatitis C (HepC) patients.

Secondary only control showed no Gal-9 (brown) positive staining, whilst expression appeared localised
to sinusoids (arrowheads) and within sinusoids in what resemble Kupffer cells (arrows) in tissue
sections from livers acquired from Hepatitis C patients. Hepatocytes appeared negative for Gal-9
expression. Samples were counterstained with haematoxylin for nuclear staining. Hepatocytes were
negative for galectin expression. Images were selected using Zen Blue software (Zeiss) after acquisition
of entire tissue sections using a Zeiss Axio Scan.Zl with 20x objective. Images shown are
representative of 3-4 patient samples. Scale bars represent 50 um.
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3.5 Summary and Discussion

The primary aim of this experimental chapter was to characterise regulators of
endothelial galectin expression. To do this, we explored the effects of shear stress and
inflammatory mediators on endothelial cells in vitro. Finally, we combined all themes
to investigate galectin expression patterns in normal and diseased liver sections. Our
main findings show that: a) Gal-9 is highly upregulated in HUVEC in response to virus-
associated inflammatory mediators; b) Gal-3 and -9 expression appears to be
positively regulated by shear stress; and c) Gal-9 expression is highly associated with
liver sinusoidal endothelial cells in PBC and HepC disease. These data highlight a
strong link between immune-response and shear regulation of galectin expression that

may be used to understand the importance of galectins in liver disease pathology.

3.5.1 Shear stress and pro-inflammatory mediators as regulators of galectin

expression

We report that Gal-3 and -9 genes are significantly upregulated in response to culture
under orbital shaking conditions. Although this has been included in published
datasets using bulk RNAsequencing (Maurya et al. 2021; Afshar et al. 2023; Ajami et
al. 2017), this finding has not yet been specifically validated nor published. The orbital
shaking method is a heterogenous and closed system whereby the patterns of shear
stress differ in the centre and periphery of the wells. As such, it is not a useful method
for determining the specific mechanosensitive responses of genes. The nature of this
experimental setup means that soluble mediators that get released from the cells will
have confounding effects on our results. In response to disturbed flow, HUVEC
become misaligned and mechanosensitive genes become variably activated

(Baeriswyl et al. 2019). Disturbed flow causes NFkB signalling to become activated,
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leading to overexpression of adhesion molecules ICAM1 and VCAML1, and IL-6 (Go et
al. 2014; Watson et al. 1996). Stimulation of ECs with IL-6 activated Janus kinase-
mediated STAT3 (JAK-STAT) phosphorylation leading to reduced endothelial barrier
function as well as transcription of further inflammatory cytokines (Alsaffar et al. 2018).
Since we also confirm reports that soluble mediators upregulate Gal-9 expression, we
might be seeing increased galectin transcription due to the combination of cytokines
and other soluble mediators within the supernatant, rather than effects of the shear
stress. In situ, endothelial cells are under constant exposure from circulating blood,
and cytokines get filtered out or catabolised by the liver and kidneys (Bocci 1991). As
such, this model only gives us limited insight into shear stress as a regulator of
endothelial galectin expression. Of note, we see that protein expression is increased
with gene transcription following orbital shaking culture, for both Gal-3 and Gal-9. We
saw this to be significantly different between the Gal-3 and Gal-9 conditions,

suggesting that the mode of expression may differ between the galectins.

We used the Ibidi Flow culture system to better understand the effects of shear stress
and rates on galectin expression, as well as reducing the confounding variable of
soluble mediator effects. Our results suggest that endothelial galectins are more
responsive to different patterns of fluid shear stress, rather than the rate of fluid flow,
since we report that transcription of LGALS9 is significantly downregulated following
culture with oscillatory flow, compared to static control. The link between disturbed
shear stress and modulation of endothelial galectin expression could be a key
predictor of disease. In a model of atherosclerosis, plaque size was reduced in the
abdominal aorta section from Gal-97/ApoE’ KO mice after 12 weeks on high fat diet
(Krautter et al. 2022). Due to the straightness of this area of the aorta, it is most likely

to be an area exposed to laminar high shear stress, which we associated with
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upregulation of Gal-9 in HUVEC (Figure 13). In areas of disturbed shear stress, such
as in the aortic arch, plaque burden was not significantly reduced in Gal-9 KO mice
(Krautter et al. 2022). Our data suggests that this may be because Gal-9 expression
is already low in this area of low shear stress. Since our data alludes to the shear
responsiveness of Gal-9, alongside rapid upregulation in response to inflammatory

stimuli, we determine Gal-9 to be a uniquely selective molecule within the endothelium.

We confirmed that Gal-9 expression was highly upregulated in endothelial cells in
response to pro-inflammatory mediators, most specifically to those associated with
viral infection, including IFNy, a, B and Polyl:C (Krautter et al. 2022; Chakraborty et al.
2021). Interestingly, we observed that fewer differentially transcribed genes were
found in HUVEC responding to IFN-B and Polyl:C compared to TNFa + IFNy. To
decipher the crucial genes involved in the LGALS9 inflammatory response, we need
to knockdown the LGALS9 gene from HUVEC, followed by stimulation with each of
the inflammatory mediators, before finally measuring the changes in some of the top

differentially expressed genes to determine pathways affected by Gal-9 function.

3.5.2 Galectin expression in liver disease

Although currently considered an autoimmune disease, PBC has been remarked and
reviewed several times for potential aetiologies similar to infectious disease (Haydon
and Neuberger 2000; Mason 2018). Since we see strong positive staining for Gal-9 in
HepC sections and evidence in our cytokine stimulation data that strongly suggests
viral-associated mediators in driving Gal-9 expression in ECs, we might find that
presence of Gal-9 is a telling sign that some instances of PBC are driven by viral
infection. One study reports that blood serum from PBC patients is reactive to retroviral

proteins, more so than patients’ with PSC (Mason et al. 1998). Similarities in the
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reoccurring onsets of PBC after diagnosis and transplantation can be observed in
HepC re-infections (Asthana et al. 2011) (Mason 2018). The link between viral
infection and autoimmunity has been bridged in the context of HIV infection, where the
virus incorporates host-plasma membrane and proteins when budding from the cell,
triggering autoantibody responses and could be a similar suggestion for PSC aetiology
(Wasilenko, Mason, and Mason 2009). Either way, we speculate that the presence of

Gal-9 in the PBC sections is pertinent to the potential viral-link in PBC aetiology.

Our observation that Gal-9 expression is downregulated in low shear stress conditions
compared to static control, suggests that under physiological conditions in the liver,
Gal-9 expression is required to be low (Figure 11). This is further supported by our
observation of low levels of Gal-9 positive staining following IHC on normal liver
sections (Figure 18). The low shear environment of the liver, which we observed to
downregulate Gal-9 expression in vitro, suggests that under homeostatic conditions,
Gal-9 levels are required to be low. Reports of ~60-fold increase in LGALS9
transcription in response to TNFa + IFNy and Polyl:C for example, is modulated in as
few as four hours, with the majority of protein being localised intracellularly (Krautter
et al. 2022). This suggests that Gal-9 is crucial in the initial stage of the immune

response.

With all the evidence within this chapter, we might hypothesise that Gal-9 is necessary
in aiding a pro-inflammatory response to viral infection. The regulation of Gal-9 under
different patterns and rates of shear stress might be necessary homeostatic
adaptations of the endothelial cell to the bifurcations, curvature, and valves of the
blood vessels dependent on the tissue microenvironment. Whilst the responsiveness

of EC’s to express Gal-9 following TNFa + IFNy, for example, is necessary for aiding
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immune-responses and leukocyte trafficking. The persistence of Gal-9 expression, in
the case of positive staining in liver sections from HepC and PBC patients, suggests
that either the mechanism of Gal-9 expression may be faulty in patients, or that the

binding of Gal-9 to its natural ligand is also contributing to chronic disease.
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CHAPTER 4: EXAMINING THE FUNCTION OF ENDOGENOUS
ENDOTHELIAL GALECTINS IN LEUKOCYTE TRAFFICKING
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4.1 Introduction

We describe in the previous chapter that endothelial galectins are regulated by
inflammatory mediators and shear stress, which is conducive to an immunoregulatory
role for these proteins. This data highlights the importance of studying endothelial
galectins as close to physiologically relevant conditions as possible. One such way is
by using intravital microscopy (IVM) to study inflammation in the microcirculation using
galectin-knockout mice. IVM data published from Gittens et al. report that mechanisms
mediating leukocyte slow rolling and migration are impaired in Gal-37- mice (Gittens et
al. 2017), whilst our lab reports that neutrophil and monocyte recruitment was
significantly reduced in Gal-9 knockout mice (Igbal et al. 2022). Our lab has previously
reported reduced neutrophil adhesion to HUVEC following siRNA knockdown of
endothelial Gal-9 in a model of leukocyte trafficking under flow (Krautter et al. 2022).
Aside from this, very little research has been published on the specific effects of

endothelial galectins on leukocyte trafficking and inflammation.

As such, the aim of this section is to characterise the novel Gal-37/Gal-97- knockout
mice alongside single knockout mice in IVM studies to elucidate galectin function in
leukocyte trafficking. Additionally, we aim to explore whether galectin function in
leukocyte trafficking is a result of endothelial-sourced galectins, by using siRNA
knockdown to eliminate galectin expression in HUVEC and study neutrophil adhesion
and migration under physiological flow. We hypothesise that the combined function of
Gal-3 and -9 is crucial in the regulation of leukocyte trafficking events, particularly

within the endothelium as the source of galectins.
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4.2 Characterisation of global galectin knockout mice under resting

conditions

Our objective was to characterise galectin-knockout mice under resting conditions. We
determined whether there were any differences in the leukocyte populations within
whole blood from non-inflamed galectin-3 null (Gal-3”), galectin-9 null (Gal-97), and
galectin-3/galectin-9 (Gal-3"/Gal-97) double knockout mice by performing complete
blood count (CBC) analysis. This analysis was performed after our IVM experiments
using mice that were surplus to the maintenance breeding pairs. To align with the
NC3Rs principles for humane experimental animal use, we opted to reduce mice
samples by excluding analysis of matched WT mice. We did observe however, that
cell subpopulations within the whole blood of all mice fell within the normal ranges of
C57BL/6 mice as reported by Charles River (Charles River Laboratories International
2012). Red blood cell, platelet, and monocyte counts between groups of knockout
mice were determined statistically different by one-way ANOVA testing (Figure Error!
Reference source not found.20A). No significant differences were observed
between groups in white blood cells, neutrophils, and lymphocyte counts (Figure
20A). We also looked at whether there were any significant differences between
groups in the correlation of age and weight but observed none across the genotypes
(Figure 20B). These data suggests that no inherent relationship between galectin
expression, age, weight, or baseline blood counts is present and as such, is unlikely

to be a confounding factor in our study of galectin function in leukocyte trafficking.

109



= - 1500
10 10 ® Male
o O Female
g g4 °© ] 8 EI
[ = .
e . 8 = w = 1000+
BE e @ ETEY £E
g o =) £%
= 4 2% 4 = %
D o~ > o X
= g - ~ 500
=
= 2+ o 2
0- 0- 0-
X N by b4 N
] ] e ] ]
R Y, A a4
o & & o & & o
i) >
C';"\ C';'}
2.5=- 0.4+ 8= a
2.0 °
U L ]
e _ @ _ g _°T
ZE S E T E e 1
S g 25 4
5 -— c - [=
a = g 2, E =,
z - 2
D—
X ¥
il > >
A A
2 2 >
& & ¢
o
&

B 35 Gal-a'-
- Gal-9™”
— Gal-37/Galg™" r=05749
b= 30- A —~
2 A ll‘ - r=0.5021
= apom 4
=) T - r=04349
2 25+ s
: T
= n
2, T
2 A
m ry
151
7/ 1 T 1
0o 4 8 12 16
Age (weeks)

Figure 20 (A-B): Characterisation of galectin-knockout mice.

A) Statistically significant differences in baseline complete blood counts across groups of galectin-
knockout mice were observed in total red blood cells (P=0.0395), platelets (P=0.0403), and monocytes
(P=0.0071) by one-way ANOVA but not in multiple comparisons follow up test (n = 3-6 male and
female). B) Correlation between age and body weight was measured between galectin-knockout
genotypes and the coefficient (r) displayed for each group in order of lines as observed. No statistical
difference was observed between the slope of regression lines of each group as determined by
ANCOVA (Analysis of covariance). Graphs displaying CBC data shows the mean + SEM of 3-6 mice
per group. Correlation graph shows data point for each mouse per group, n = 25 for Gal-3- (green), n
= 21 for Gal-9- (blue), and n = 40 for Gal-37/Gal-9- (red), all male mice aged 6-12 weeks old.
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4.2.1 Endogenous Gal-3 and -9 are both required for controlled leukocyte rolling

in the IL-18 inflamed post-capillary venules of the cremaster

We used intravital microscopy (IVM) to study the function of galectins in leukocyte
trafficking within the cremaster muscle. We chose the cremaster model due to its ease
of accessibility, high transparency, vascularity, and responsiveness to inflammatory
stimuli. This model has also been used in the characterisation of Gal-37 mice, in
response to TNFa and IL-1f stimuli, meaning we can compare our results directly to

those previously reported by Gittens et al (Kunkel and Ley 1996; Gittens et al. 2017).

Statistical analysis was based on the mean number of cells counted across 6-8
vessels per mouse. Data is displayed using unigue symbols to represent data from

each mouse, highlighting the variation across individual vessels.
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Recruitment behaviours within the post-capillary venules of IL-13 inflamed cremaster
were visualised by immunofluorescence and brightfield microscopy to analyse Grl+
and total leukocyte populations, respectively (Figure 21A). No significant differences
between Gal-KO mice and WT were found across any of the parameters by Dunn’s
multiple comparisons test. Rolling flux of Gr1+ (Figure 21B) and all leukocytes (Figure
21E) were significantly different across groups by ANOVA (p=0.0065 and p=0.0178,
respectively) as we observed greater rolling in the Gal-37- and Gal-37/Gal-97 mice
groups. We also saw that the average total # of cells were greater in the Gal-37- group
compared to WT and Gal-97- group, although this was not significant (Figure 21H and
). No significant differences in either firm adhered (Figure 21C & F) or transmigrated
cells (Figure 21D & G) was observed in either galectin-knockout mice groups
compared to wildtype. We report that the total number of Grl+ cells (Figure 21H)
recruited to the inflamed cremaster was significantly different between groups by
ANOVA with p=0.0464, most probably due to increased Grl+ cell flux in the vessel.
We did not observe this within the unlabelled cell population (Figure 211), most
probably due to difficulties in observing unlabelled leukocytes within brightfield videos.
We saw very few transmigrated Grl+ cells (Figure 21D) in our analysis, fewer than in

the brightfield videos (Figure 21G).

To eliminate the possibility of these unlabelled cells being due to an increase in
lymphocytes, we administered a fluorescently labelled anti-CD3 antibody and detected
no positively labelled cells across the groups of mice. Instead, the discrepancy
between the number of transmigrated Grl+ and unlabelled leukocytes may be due to
transmigration events taking place prior to the administration of the fluorescently
labelled antibody. Poor antibody penetration into the surrounding tissue may lead to

inefficient labelling of transmigrated leukocytes.
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Figure 21 (A-l): Grl+ leukocyte rolling flux and overall leukocyte numbers in
post-capillary venules of IL-1B stimulated cremaster were significantly different
across galectin-knockout and wildtype mice.

Intravital microscopy was used to image post-capillary venules in the inflamed cremaster of Gal-3*,
Gal-9" and Gal-37/Gal-97 double knockout mice and C57BL/6 wildtype control mice, four hours
following intrascrotal injection with 50 ng of recombinant murine IL-1B (in 200 ul PBS). (A) Rolling flux,
(B) firm adherence and (C) transmigration of Grl* cells (using fluorescently labelled anti-Ly6C/Ly6G
antibody delivered intravenously) detected using fluorescence, and (E, F and G) unlabelled leukocytes
detected by brightfield imaging from 100 pm segments of 3-6 vessels per mouse captured in one-minute
recordings. (H) Total number of Grl+ and (I) unlabelled leukocytes are also reported. Individual mice
were designated a unique shape to denote spread of data from each blood vessel. Plots display the
median with the IQR of 7-9 mice per group. Statistical significance was assessed by Kruskal-Wallis and
Dunn’s multiple comparisons test.
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We assembled correlation matrices to compare the results within each parameter
across the brightfield and fluorescence analysis methods. We found strong correlation
(Pearson r >0.75) between ‘Grl*’ and ‘all’ cells counted in brightfield in the rolling flux,
adhered, and total cells parameters (Figure 22A). This observation suggests that both
methods, fluorescent and brightfield microscopy, are representative of these leukocyte
behaviours in vivo. Correlation between the number of transmigrated cells from both
analysis methods was lower (Pearson r <0.65) in comparison (Figure 22A). This
discrepancy may be due to inefficient labelling of Grl+ cells that have already
transmigrated through the tissue prior to delivery of the fluorescent antibody (Lu et al.
2020). The correlation analysis between the two imaging methods was determined
significant (blue) across all parameters, except for rolling (yellow) (Figure 22B). One
observation made during this experiment, and evident in our analysis is that capturing
data from the rolling flux parameter was more efficient using the fluorescent
microscopy analysis. This is because were able to increase the contrast between the
labelled cells and the dark background — meaning we could more easily observe cells
in different slices along the horizontal plane of the vessel. As such, we see benefits of
using both analysis types to obtain an overall better understanding of leukocyte

trafficking behaviours in vivo.
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Spearman r: Correlation of Gr1* and total leukocytes
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Figure 22 (A-B): Correlation matrix of IL-1f8 intravital microscopy data shows
strong positive relationship between the leukocyte trafficking events of Gr+
cells and total leukocytes observed by brightfield.

A) The strength of the Spearman’s rank correlation coefficient (r) is great between the Gr1* cells and
total leukocyte (all) numbers within each parameter analysed (adherent, rolling, transmigrated) where
the baseline value of zero is shown in white and values greater in pink and lesser in blue. B) p values
of the Spearman’s r values are denoted as < 0.05 in white, zero in blue, and non-significant values >
0.05 shown in yellow.
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Prior to termination of the IVM experiment, we collected blood samples from the
inferior vena cava (IVC) for CBC analysis. Although we’re unable to directly compare,
we observe 3-4 million cells/ml in CBC from mice under resting conditions (Error! R
eference source not found.23), compared to just 1.25 — 1.75 million/ml following IVM
(Figure 23). This difference could be due to migration of lymphocytes from the blood
into the inflamed tissue, either due to inflammatory challenge, or from the invasive
surgery. We observed significant differences in neutrophil numbers across genotypes
(Figure 23). Although not significant, a similar trend was observed in white blood cell
(WBC) numbers, where Gal-3”7- and Gal-37/Gal-97 mice groups had greater (~1 million
cells/ml) WBC numbers compared to WT and Gal-97- groups (Figure 23). Overall, this
fits with our IVM data in which we identified a significant increase in leukocyte rolling
flux in the blood vessels of Gal-37/Gal-97- mice, and a trend for greater rolling flux in
Gal-37 mice (Figure 21B and E). Since we observed differences in the endothelial
response to different pro-inflammatory stimuli in vitro, we repeated our IVM studies on

galectin-knockout mice using TNFa as the inflammatory mediator.
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Figure 23: Complete blood counts from mice following treatment with IL-1
and surgery for intravital microscopy.

Mice were treated with 50 ng of IL-1B four hours prior to undergoing surgery for intravital
microscopy. Following this, blood was taken from the inferior vena cava and analysed for complete
blood counts using the Pentra ES 60 automated haematology analyser. Statistically significant
differences in were observed between galectin-knockout mice groups in neutrophil numbers
(P=0.0395) by Kruskal-Wallis test. No significant differences were observed between groups
compared to wildtype (WT) control following Kruskal-Wallis test with Dunn’s multiple comparison
(n = 3-5). Data displayed as average + SEM.
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4.2.2 Endogenous Gal-3 and -9 are both required for controlled leukocyte rolling
in the TNF-a inflamed post-capillary venules of the cremaster

We replicated the technique described in the previous section, substituting IL-1f for
TNFa injection, and analysed leukocyte trafficking events using fluorescence and
brightfield imaging (Figure 24A). Although not statistically significant, we did observe
a small increase in rolling flux of Gri1+ and total leukocytes in the Gal-37/Gal-97- mice
group compared to others (Figure 24B and E). No significant differences in the
number of adhered leukocytes between mice groups were observed (Figure 24C and
F). Surprisingly, we saw a significant decrease in the number of transmigrated Grl+
cells in the double knockout group compared to WT control (Figure 24D). This
difference was not observed in the brightfield image analysis, and the overall number
of transmigrated cells was actually greater in the double knockout group (Figure 24G).
Conversely to what was observed in mice following IL-1B treatment, we saw no
significant differences in the total number of cells counted between groups (Figure
24D). Overall, our data shows that there is no great difference in leukocyte trafficking
events between genotypes in response to TNFa challenge. Statistical analysis was
based on the mean number of cells counted across 6-8 vessels per mouse. Data is
displayed using unique symbols to represent data from the vessels from each mouse,

highlighting the variation across individual vessels.
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Figure 24 (A-I): Mice deficient in both the Gal-3 and -9 genes show reduced
transmigrated Grl+ cells in post-capillary venules of TNFa stimulated
cremaster.

Intravital microscopy was used to image post-capillary venules in the inflamed cremaster of Gal-3,
Gal-9" and Gal-37/Gal-97 double knockout mice and C57BL/6 wildtype control mice, four hours
following intrascrotal injection with 500 ng of recombinant murine TNFa (in 200 ul PBS). (A) Rolling flux,
(B) firm adherence and (C) transmigration of Grl* cells (using fluorescently labelled anti-Ly6C/Ly6G
antibody delivered intravenously) detected using fluorescence, and (E, F and G) unlabelled leukocytes
detected by brightfield imaging from 100 um segments of 3-6 vessels per mouse captured in one-minute
recordings. (H) Total number of Grl+ and (I) unlabelled leukocytes are also reported. Individual mice
were designated a unique shape to denote spread of data from each blood vessel. Plots display the
median with the IQR of 7-9 mice per group. Statistical significance was assessed by Kruskal-Wallis and
Dunn’s multiple comparisons test denoted by asterisks *p < 0.05.
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The correlation matrix indicates a strong positive relationship between the data
obtained from labelled (Grl+) and brightfield counted leukocytes (all) across rolling
flux, adhered and in total (#) of cells in the blood vessels, with an r value of >0.69
(Figure 25A). This was less so in the transmigrated cells, with an r value of 0.598
(Figure 25A). As was also observed in the other IVM experiment, the correlation
between the two analysis methods to be significant (blue) across all parameters except
for rolling (yellow) (Figure 25B). Again, we highlight here the benefit and value of using
both brightfield and fluorescent microscopy in the analysis of leukocyte trafficking

behaviours in vivo.
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Figure 25 (A-B): Correlation matrix of TNFa intravital microscopy data shows
strong positive relationship between the leukocyte trafficking events of Gr+
cells and total leukocytes observed by brightfield.

A) The strength of the Spearman’s rank correlation coefficient (r) is great between the Gr1* cells and
total leukocyte (all) numbers within each parameter analysed (adherent, rolling, transmigrated) where
the baseline value of zero is shown in white and values greater in pink and lesser in blue. B) p values
of the Spearman’s r values are denoted as < 0.05 in white, zero in blue, and non-significant values >
0.05 shown in yellow.
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Analysis of complete blood counts following IVM identified no significant differences
across groups of mice, in any of the cell leukocyte populations (Figure 26). Compared
to the baseline blood counts of non-inflamed animals, we identify a reduction in
lymphocyte numbers of ~2.5 million per millilitre, more like the numbers observed
following IL-1B IVM (Figure 23A). Overall, we observed similar trends in leukocyte
trafficking between mouse groups, but to a lesser extent than we did in the IL-138 VM.
Increased rolling flux was most notable in the double knockout mice compared to all
other genotypes (Figure 21B and E). Since we saw this to a much greater extent in
the double knockout mice compared to either of the single knockout mouse, our
findings support the notion of a synergistic relationship between galectin-3 and

galectin-9 that drives their function in inflammation.
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Figure 26 (A-B): Complete blood counts from mice following treatment with
TNFa and surgery for intravital microscopy.

No statistically significant differences in complete blood counts between groups of galectin-knockout
mice were observed by Kruskal-Wallis test with Dunn’s multiple comparison against wildtype control (n
= 6). Data displayed as average + SEM.

Overall, we find that the leukocyte trafficking response within the inflamed cremaster
is dependent on the inflammatory stimuli used in the model. We observed fewer
differences in leukocyte trafficking events between galectin-null mice treated with
TNFa compared to IL-183. Although our use of global-knockout mice sheds insight on
the role of endogenous galectins in acute inflammation, we were interested in
understanding the role of endothelial-derived galectins specifically. Since we do not
have access to endothelial-specific galectin knockout mouse models, we turned to in

vitro techniques to further investigate the function of endothelial galectins in leukocyte

trafficking.
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4.3 In vitro analysis of endothelial galectins under physiological shear stress

As we previously reported shear stress as a regulator of endothelial galectin-
expression (Section 3.2), we aimed to study galectin function under physiological flow.
To do this, we used siRNA knockdown to inhibit galectin gene function in HUVEC,
before using a modified version of the flow adhesion assay to study leukocyte

trafficking events in the absence of endothelial galectins (Cooke et al. 1993).

4.3.1 Optimisation and validation of sSiRNA knockdown in HUVEC

To mimic our experimental groups used in the in vivo studies, we aimed to use siRNA
to knockdown galectin genes in HUVEC and assess galectin function in a model of
inflammation. We assessed siRNA efficacy in HUVEC following knockdown and
subsequent treatment with media +/- TNFa + IFNy. We tested 25 nM of each of the
four gene-specific probes in the Qiagen FlexiTube GeneSolution against both LGALS3
and LGALS9 to determine which was most efficient in reducing gene transcription. We
observed over 70% reduction (dashed line) in LGALSS transcription in both TNFa +
IFNy stimulated, and untreated HUVEC from all probes, compared to non-transfected
media only control (Figure 27A). LGALS9 knockdown was overall less successful,
with only LGALS9-1 probe able to reduce gene transcription by 70% compared to
untransfected control, and only in TNFa + IFNy-stimulated HUVEC (Figure 27B). We
observed limited cross-reactivity from most of the siRNA probes against non-specific
galectin genes, including LGALS1 (Figure 27C). Of the QIAGEN supplied siRNA
probes, we determined LGALS3-1 (#S104250799) and LGALS9-1 (#S103188409) as
the most efficient and specific probes for reducing LGALS3 (Figure 27A) and LGALS9

(Figure 27B) gene transcription, respectively.
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Figure 27: Optimisation of siRNA knockdown of galectin-genes in HUVEC.

siRNA knockdown was performed in HUVEC using 25 nM of four separate probes specific to LGALS3,
and LGALS9 genes in OptiMEM, before replacing with fresh media in the presence or absence of TNFa
+ IFN-y (10 ng/ml, 20 ng/ml) for 24 hours. Efficient gene knockdown was determined by gPCR analysis
of A) LGALS3 and B) LGALS9 gene transcription by at least 70% (dashed line) in HUVEC. To minimise
off-target effects, C) LGALS1 gene transcription was also analysed and confirm limited cross-reactivity
between gene knockdowns. Bar graph displays the average of two repeats (n=2).
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We next wanted to determine the optimal concentration of siRNA for maximum
transfection efficacy and for least cross-reactivity to non-specific galectin genes. We
determined all concentrations of LGALS3-specific probe to be efficient at reducing
LGALSS transcription in TNFa + IFNy-stimulated and unstimulated HUVEC, whilst
having limited effects on LGALS1 and LGALS9 transcription (Figure 28A). We
determined 10 nM of LGALS9-specific SiRNA to be most efficient at reducing gene
transcription, with the least off-target effects compared to other concentrations (Figure
28B). We saw no major changes in LGALS1 or LGALS3 transcription with all
concentrations of scrambled-control siRNA (Figure 28C). There was a limited amount
of change in LGALS9 transcription in scrambled siRNA (sc-siRNA) control, though this
was more varied with concentrations greater than 10 nM (Figure 28C). From these
results, we determined 10 nM to be the optimal concentration for all SIRNA treatment
conditions since gene-specific transcription was reduced by at least 70% (dashed line)

and had limited off-target effects on non-specific galectin genes.
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Figure 28 (A-C): Optimisation of probe concentration for LGALS knockdown.

Transcription of LGALS1, LGALS3 and LGALS9 genes in treated and untreated HUVEC were quantified
by gPCR following gene knockdown with either 5 nM, 10 nM, 25 nM or 50 nM of siRNA probe specific
to A) LGALS3, B) LGALS9 and C) scrambled control, shown as relative expression compared to media
only control. Validated siRNAs for knocking down each gene were defined as showing at least 70%
knockdown as indicated by dashed line on the graph. Bar graph displays the average of two repeats

(n=2).
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To replicate our in vivo experiments using Gal-3 and Gal-9 single and double knockout
mice in a model of inflammation, we validated siRNA knockdown (KD) effectiveness
under our optimised conditions for Gal-3, Gal-9 and combined Gal-3/Gal-9 knockdown
and compared to sc-siRNA control. This time, we increased our replicates and
performed TNFa + IFNy-stimulation the day following siRNA treatment. LGALS3
transcription was significantly lower in gene-specific single and double knockdown
conditions, and not in controls (Figure 29A). Similarly, LGALS9 transcripts were
reduced in HUVEC following single-gene and double Gal-3/Gal-9 KD compared to sc-
SiRNA control (Figure 29B), thus confirming successful and specific knockdown of

galectins in HUVEC.
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Figure 29: Optimised knockdown of galectin gene transcription in HUVEC by
SiRNA.

Efficient knockdown of A) LGALS3 and B) LGALS9 genes using 10 nM of gene-specific sSIRNA was
confirmed by gPCR (70% denoted by dashed line) relative to scrambled control in HUVEC treated with
TNFa + IFN-y (10 ng/ml, 20 ng/ml) for 24-hours following siRNA knockdown. Statistical analysis was
performed using repeated measures one-way ANOVA with Dunnett's multiple comparison test to
untreated control. Data are presented mean + SEM (n=5). p-value < 0.05 (*), < 0.01 (**), < 0.001 (***).
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To test whether total protein was reduced because of gene silencing, we use Western
blot to detect Gal-3 and Gal-9 protein in our samples. siRNA gene knockdown
significantly reduced total Gal-3 protein by more than 70% (dotted line) (Figure 30A).
This was observed in both the single, and double LGALS3-specific sSiRNA treated
HUVEC (Figure 30A). We did not observe the same reduction in the Gal-9 protein in
HUVEC treated with LGALS9-specific sSiRNA probes (Figure 30B). We saw two
protein bands in the Gal-9 Western blot, which were smudged and of varied intensity
within each lane, leading to huge variation in the results between replicates (Figure
30B). These results may be inconclusive, at least for measuring galectin-9 protein
levels due to the high variation observed (Figure 30B). Despite this, and since we
were able to show efficient knockdown of both LGALS3 and 9 by qPCR, we proceeded
to use the finalised protocol to knockdown galectin genes in stimulated HUVEC for in

vitro analysis of leukocyte trafficking under flow.
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Figure 30: Protein expression analysis following galectin gene knockdown by
SiRNA.

Protein expression of A) Galectin-3 and B) Galectin-9 was assessed by Western blot using lysates from
cells treated with 10 nM of gene-specific SiIRNA, control scrambled siRNA, lipofectamine only or no
treatment media control, prior to 24-hour stimulation with TNFa + IFN-y (10 ng/ml, 20 ng/ml). Successful
knockdown was determined by a 70% reduction (dashed line) in protein amount. Statistical analysis
was performed using RM-one way ANOVA with Dunnett’s multiple comparison test to untreated control.
Data are presented mean + SEM (n=3). p-value < 0.01 (**).
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4.3.2 Leukocyte trafficking is modulated in the absence of endothelial LGALS3
and LGALS9 function.

We seeded HUVEC into ibidi 6-well y-Slides the day prior to performing knockdowns
with siRNA. The following day, cells were stimulated with TNFa + IFNy for 24-hours.
On the day of the flow adhesion assay, we isolated neutrophils from fresh whole blood
for the in vitro assay. We used neutrophils since these greater numbers were observed
in the CBC of Gal-37 and Gal-37/Gal-97- knockout mice after out IVM experiments
(Figure 23). We also know that neutrophils are first responders in the inflammatory
response and readily respond to EC activation (Fine et al. 2020). Flow rates were
performed at post-capillary shear stress (0.4 ml/min, equivalent to 0.05 Pa) to facilitate
leukocyte trafficking. We chose to use multiple HUVEC donors throughout our
experiment so that we could capture biological variation in endothelial galectins, whilst
limiting variation in our leukocyte responses by keeping our blood donor consistent

throughout.

We observed no significant differences in the number of neutrophils that adhered to
HUVEC in the inflow across any of the experimental groups compared to scSiRNA
control (Figure 31A). Of the cells that adhered in the inflow, we observed significantly
fewer non-stable ‘touch and go’ interactions in the Gal-3/Gal-9 KD HUVEC group
(Figure 31B). Within the washout stage, we saw no significant differences between
HUVEC groups in the total number of adherent neutrophils (Figure 31C), or in the
percentage of transmigrated cells (Figure 31D) compared to control. The percentage
of transmigrated neutrophils was overall low across all HUVEC groups (Figure 31C).
Our data suggests that although neutrophils are not more likely to engage with Gal-

3/Gal-9 KD HUVEC, but once engaged, they are more likely to remain adhered
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compared to control. Again, this effect is more prominent within the double knockdown

group compared to LGALS3 and LGALS9-silenced single knockdown HUVEC.
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Figure 31: Neutrophils show decreased ‘touch and go’, or non-stable
interactions with inflamed HUVEC deficient in both the Gal-3 and -9 genes.

Neutrophil interactions with HUVEC deficient in both Gal-3 and Gal-9 genes, under TNFa and IFNy
stimulation were analysed with a flow rate of 0.4 ml/min (0.05 Pa). No statistical differences between
groups were observed in the A) total number of neutrophils adhering to the HUVEC in the inflow, though
B) a lower percentage of ‘touch and go’ interactions amongst the adhered neutrophils was observed in
the HUVEC treated with siRNA for both Gal-3 and Gal-9. No differences were observed for neutrophil
behaviour in the washout, as C) adherent neutrophils, and D) percentage of transmigrated neutrophils
did not differ between groups of siRNA treated endothelium. Statistical analysis was performed using
Friedman test with Dunn’s multiple comparison test to scrambled siRNA control (scSiRNA). Data are
presented mean + SEM (n=4). p-value < 0.05 (*), < 0.01 (**), < 0.001 (***), with each experimental
repeat denoted by a unique shape.
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Overall, we observe that the loss-of-function effects of exogenous galectins is greater
with the combination of both Gal-3/Gal-9 compared to removal of each single gene.
Much like our IVM data in which we observed increased cell flux through the blood
vessel, our in vitro assay confirms that neutrophils are still rolling across the Gal-
depleted endothelium, but that fewer non-stable, or ‘touch and go’ interactions are
taking place. Gittens et al reported increased cell velocity in leukocytes in Gal-3
knockout mice, which may be the parameter necessary to explain the increased cell
flux and reduced ‘touch and go’ interactions in vitro (Gittens et al. 2017). This would
also explain why once the neutrophil establishes firm interaction with the Gal-3/Gal-9
null endothelium, it remains stable throughout the experiment (Figure 21 and Figure

24).
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4.4 Discussion

The primary aim of this experimental chapter was to elucidate the function of
endogenous galectins in the context of inflammation. To do this, we used a
combination of in vivo experiments, using IVM to characterise leukocyte trafficking in
the inflamed cremaster of galectin-global knockout mice; and in vitro experiments
mimicking blood vessels to specifically study endothelial galectins. Our main findings
show that: a) there are differences between galectin-knockout mice in the numbers of
leukocyte subpopulations within the peripheral blood; b) leukocyte rolling flux within
the inflamed cremaster microcirculation is increased in the absence of both Gal-3 and
Gal-9, though this is dependent on the inflammatory stimuli used; and c) in the
absence of both endothelial Gal-3 and -9, fewer non-stable interactions take place
between neutrophils and HUVEC. These data demonstrate that endothelial galectins
may work synergistically to regulate immune functions in leukocyte trafficking,
particularly since the effect observed in double knockout mice is greater than in their

single-knockout counterpart.

4.4.1 Characterisation of galectin knockout mice

We report that rolling flux in the IL-1B inflamed cremaster is significantly increased in
Gal-37/Gal-97- mice compared to wildtype control. This is a novel observation and has
not previously been reported. Gittens et al. have previously characterised the Gal-3
knockout mice with the same parameters and stimuli with which our studies were
designed. In this report, they observed that the average cell flux was greater in Gal-3
KO mice compared to WT, though not significantly (Gittens 2014). We report the same
observation in the Gal-3” mice within our own data, and in the absence of Gal-9 this

increase in flux is even greater (Figure 21). Gittens et al. report that Gal-37- mice
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displayed increased rolling velocities compared to WT control (Gittens et al. 2017).
Whilst we didn’t directly measure the cell rolling velocities, we might speculate that
increased cell rolling flux through the vessel would positively correlate with increased
cell velocity, as fewer cells participate in slow rolling. However, several reports using
IVM to study genetically modified mice report the opposite of this, showing that as flux
increases, cell velocity decreases (Perez-Del-Pulgar et al. 2001) (Sperandio et al.
2001). Of course, these reports could be due to genotype effect. As such, we
determine that our data requires additional analysis to interpret cell rolling velocities
for direct comparison to the reports on differences in leukocyte trafficking between

Gal-37 mice compared to wildtype in vivo.

We observed significant differences between mice groups in the overall neutrophil
counts within the blood following IVM (Figure 23). Although this was only determined
significant by Kruskal-Wallis test, and not in our post hoc test comparing knockout
groups to WT control, it might be the reason we see increased cell flux in Gal-3”-/Gal-
97 mice compared to WT (Figure 21). Then again, we report a similar number of
neutrophils in the CBC of the Gal-37 group, for which we did not observe the same
increase in cell flux compared to WT (Figure 23 and Figure 21). As such, this may be
the only determining factor for the differences we observe in vivo. Ideally, we would
perform CBC analysis from each mouse using blood pre- and post- IVM. We were
unable to take blood samples prior to IVM, due to limitations in access to the animal
housing unit, and some mice were excluded from post-IVM CBC analysis due to lack

of proficiency in executing blood collection from IVC.

Our data suggests that Gal-3 and Gal-9 are required for leukocyte tethering and rolling.

Whilst leukocyte rolling is mediated by selectins found on both endothelial cells and
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leukocytes, we later-on identify Gal-3 as a ligand for E-selectin (SELE) which might be
a key interaction that regulates leukocyte tethering and rolling (Table 5). Gittens et al
report that membrane expression of SELE on lung EC’s is lower in Gal-37- mice
(Gittens 2014). Since SELE is only synthesised in response to endothelial activation,
endogenous Gal-3 may be necessary for the synthesis and/or translocation of SELE
to the cell surface (Bevilacqua et al. 1987). Additionally, since a4-integrin-like CD44
and Vascular adhesion protein-1 (VAP-1) work independently of selectins (Salmi et al.
2001), Gal-9 might be targeting this pathway alongside Gal-3 targeting SELE, hence
we observe greater phenotypic effects in the double knockout mice compared to the
single galectin knockouts. We could study this in the first instance, by using confocal
microscopy to track the localisation of SELE and VAP-1 for example, in galectin-null

ECs.

We observed no significant differences in the number of transmigrated leukocytes in
the IL-1B inflamed cremaster between galectin-knockout mice. This contradicts reports
from Gittens et al. who observed ~50% fewer transmigrated cells in the Gal-37 mice
group, compared to <10% reduction we saw compared to wildtype control (Gittens et
al. 2017). Within our data alone, we observe great variation in the number of
transmigrated cells across different vessels in the same mouse. The disparity between
these results is perplexing, though may be explained by confounding factors in the
IVM methodology. Since the cremaster is a delicate and highly vascularised muscle,
it is prone to damage from handling. The necessary cauterisation of blood vessels can
cause changes in shear stress and blood velocity within the occluded and collateral
vessels, which may not be apparent at the time of imaging (Meisner et al. 2012).
Despite the standardisation of vessel diameter between groups, shear stress within

blood vessels can be highly variable and could influence the trafficking parameters
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being analysed (Meisner et al. 2012). Reduced shear stress increases leukocyte
tendency to migrate across the endothelium (Moazzam et al. 1997), and redirection or
reperfusion of blood flow in the occluded and collateral vessels can also lead to
increased leukocyte trafficking that might explain the variation in the reported data
(Granger 1999). Considering the role for Galectin-3 in neovascularisation (Nangia-
Makker et al. 2002), there may also be differences in the branching and looping of
vessels within the cremaster that makes Gal-3 null mice less susceptible to vessel
damage during surgery (Meisner et al. 2012). Thus, it may be dependent on the
researcher analysing a representative selection of blood vessels to report accurate
data. We reported data from each individual blood vessel for transparency on the
variation observed within each mouse. Overall, we found no differences in the number
of adhered and transmigrated cells between galectin-knockout mice and WT control,

following stimulation with IL-1(3.

We observed different trends between mice in leukocyte trafficking behaviours
dependent on the stimuli used. We report significantly fewer transmigrated Grl+ cells
in the inflamed cremaster of Gal-37/Gal-9” mice compared to WT, following
stimulation with TNFa (Figure 24). Meanwhile Gittens et al report significantly fewer
transmigrated cells in the Gal-3 KO groups compared to WT, only in response to IL-
1B injection and not TNFa (Gittens et al. 2017). Whilst other studies report that Gal-3
"~ mice have reduced leukocyte infiltration compared to wildtype, such as in
bronchoalveolar lavage fluid following ovalbumin-challenge (Ge et al. 2010), and in
the central nervous system in a model of experimental autoimmune encephalomyelitis
(Jiang et al. 2009). Meanwhile, Galectin-3 has been reported to play a protective role
in infection, as one study reports that Gal-37 mice used in a DSS model of colitis

displayed increased immune cell infiltration compared to wildtype (Tsai et al. 2016).
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Another study found that in the absence of Gal-3, mRNA for TNFa, IL-13 were
significantly upregulated, and IL-10 downregulated in the liver and spleen following
LPS stimulation (Fernandez-Martin et al. 2022). These highlight differential
mechanisms of Gal-3 dependent on the stimuli. As for the function of Gal-9, one study
found that following injection of Gal-9 into the cremaster, leukocytes were recruited to
the site of inflammation as evidenced by greater numbers of adhered and emigrated
Ly6G cells (Igbal et al. 2022). We observed no significant differences in cell behaviours
in the absence of Gal-9 with either stimulus. Based on our data from Chapter 3, we
should investigate leukocyte trafficking events in Galectin knockout mice in a model of
viral infection of the liver, since we predict a strong link between galectin-9 function in

response to viral immunity.

Several studies that use IVM to investigate leukocyte trafficking behaviours in vivo,
report similar numbers within each measured parameter in response to both IL-13 and
TNFa in their C57BL6 wildtype groups (Gittens et al. 2017) (Young, Thompson, and
Nourshargh 2002). Meanwhile, we saw ~28% fewer transmigrated cells in our TNFa
analysis, compared to IL-1[3. Interestingly, one study reports that the peak of leukocyte
accumulation to the site of inflammation is 30-60 minutes for TNFa, followed by a
second peak at 90-135 minutes (Chandrasekharan et al. 2007), and 3-4 hours for IL-
1B (Young, Thompson, and Nourshargh 2002; Rampart et al. 1989). This suggests
that our intravital microscopy observations are within the resolution stage, supported
also by the lack of differences between mouse groups in the CBC analysis post-IVM.
Alternatively, the potency of the TNFa used may not have been sufficient in generating

an immune response.
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To summarise this section, we report that rolling flux was significantly increased in
Gal-37/Gal-97- mice compared to WT control, following IL-1B stimulation. One study
observed by flow cytometry that TNFa, but not IL-1B, directly stimulated L-selectin
shedding and 32 integrin expression on mouse neutrophils (Young, Thompson, and
Nourshargh 2002). Gal-8 has previously been reported to interact with 32 integrin,
LFA-1, to displace ICAML1 binding (Vicuna et al. 2013). Unsurprisingly, endothelial Gal-
9 was also recently proposed as a binding partner of B2 integrin, which facilitates
monocyte capture under flow (Krautter et al. 2022). Meanwhile, Gal-3 binding to 31
integrins was reported across several studies (Sedlar et al. 2021). As such, our
observation of differences in leukocyte rolling flux in the double-knockout mice could
be due to inhibited galectin-integrin interactions. We hypothesised that this
observation was due to the lack of endogenous endothelial galectins, rather than a
result of inhibited galectin expression in leukocytes and used in vitro assays to

determine this.

4.4.2 Flow adhesion assay

Since we did not have access to endothelial-specific galectin knockout mice, we
instead performed siRNA knockdown of endothelial galectins in HUVEC and
performed flow adhesion assays to mimic our in vivo experimental design. Following
siRNA knockdown of LGALS3 and LGALS9, we saw a significant reduction in
transcription of both genes of around 70%, compared to scrambled control.
Interestingly, we observed a similar efficacy of knockdown in the protein expression of
Gal-3, but not for Gal-9. Several other members of our group have reported 30-75%
reduction in intracellular expression, and ~25% reduction in extracellular Gal-9 protein

following siRNA knockdown, as measured by flow cytometry (Mansour et al. 2022),
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(Krautter et al. 2022). We used Western blot for quantification in this instance and
observed smearing in our blots that made quantification highly variable between
repeats. Paralogs of LGALS9 encoded by distinct genes have similar protein
sequences, size and folding to Gal-9 but may be less susceptible to the siRNA
knockdown but still detected by anti-Gal-9 antibodies. This could explain why we
observe multiple intense bands for Gal-9 by Western blot, and the discrepancy

between results observed by gPCR.

Functionally, we observed a reduction in the percentage of neutrophils performing
‘touch and go’, or non-stable interactions with Gal-37/Gal-97- HUVEC. This was not
accompanied by an increase in the number of firm adhered neutrophils, suggesting
that interactions were not necessarily more stable, but rather that there were less non-
stable interactions taking place. Since the flow rate and number of neutrophils were
standardised across all conditions, our results may indicate increased cell rolling flux,
similar to what was observed in vivo. In which case, we might apply the same
hypothesis that neutrophil tethering and slow rolling could be inhibited in the absence
of both galectins, and to a much greater extent than the single genes alone. We only
performed this experiment with HUVEC stimulated with TNFa and IFNy and will
require repeat experiments using different inflammatory stimuli to determine whether

these effects are stimulus-specific like the responses observed in vivo.

4.4.3 Limitations

Crucially, some of our results within each parameter studied by IVM, differed
depending on our analysis method, either using fluorescence or brightfield analysis.
We speculate brightfield is most representative and inclusive of leukocyte behaviours

in transmigration, since labelling might be less efficient on cells that have
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transmigrated prior to administration of the fluorescently labelled antibody and thus
might be excluded from counting in the fluorescence analysis. Indeed, it may be
possible that the unlabelled cells are not positive for Grl, although we determined that
these cells were not of lymphocyte origin, so instead may be lowly expressing Ly-6G
and/or Ly-6C (Rose, Misharin, and Perlman 2012). On the other hand, fluorescently
labelled cells are much easier to count when analysing adherent cells and rolling flux,
since the contrast between the fluorescence and background makes cells easily
distinguishable across several planes of the vessel. Instead, delivery of a fluorescent
antibody cocktail specific to Gr-1 and CD11b, for example, might be a more accurate
and inclusive marker for analysing leukocyte behaviours in vivo (Rose, Misharin, and
Perlman 2012). Contrary to this, the lack of normal distribution within our results
highlights a potential lack of stratification of cells, and oversimplification of ‘leukocyte’
behaviours in vivo. Crainiciuc et al, characterised the behavioural landscape of
leukocytes observed in vivo during inflammation via IVM, and identified three distinct
clusters, based on 73 morpho-kinetic parameters which closely linked with changes in
genetic and signalling networks as identified by single-cell RNA sequencing
(Crainiciuc et al. 2022). Taking this top-down approach, they identified key molecular
switches, namely the FGR gene, as a driver of pathogenic neutrophil state and
vascular inflammation (Crainiciuc et al. 2022). As such, the nuances of endogenous
galectin function may be better understood through greater interrogation of leukocyte

behaviours in vivo.

Although we observed significant differences between groups in one parameter
observed by flow adhesion assay, we would expect to observe ~50% transmigration
under flow, which was not reached in our experiment (Sheikh et al. 2005). We

observed less than 4% transmigration overall (Figure 31). This may have been a result
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of TNFa degradation over time, resulting in reduced TNFa potency. We used the same
TNFa stocks throughout all experiments to maintain consistency. However, the flow
adhesion assays should be repeated using a new batch of TNFa so that we can

observe any differences between groups to a larger effect.

In summary, we are the first to characterise leukocyte trafficking within the TNFa and
IL-1B inflamed cremaster of Gal-37/Gal-97 mice. We showed similar results in our
flow-based adhesion assay, suggesting that endothelial galectins are the key driver of
this phenotype. Overall, this suggests that expression of both Gal-3 and Gal-9 in
endothelial cells is crucial for regulating early stages of the leukocyte adhesion

cascade.
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CHAPTER 5: INVESTIGATING INTERACTIONS BETWEEN
EXOGENOUS GALECTINS AND ENDOTHELIAL CELLS
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5.1 Introduction

We have previously described virus-associated inflammatory mediators and shear
stress as potent regulators of endogenous endothelial galectin expression.
Additionally, we have linked the expression of endogenous endothelial galectins to
their function in facilitating leukocyte trafficking in the inflamed blood vessels, using
both in vivo and in vitro techniques. Although sometimes anchored within the cell
membrane, galectins are inherently soluble proteins which exert their function through
binding to glycan ligands on the surface of cells or within the extracellular matrix.
Despite being broad glycan-binding proteins, each galectin type displays preferential
specificity for certain branched glycan’s and glycan motifs attached to proteins and
lipids alike. These interactions vary in their strength and as such, the weaker but
physiologically relevant interactions between galectins and their ligands may go

undetected and remain insufficiently described in the literature.

We worked collaboratively with Dr Mia Huang and Dr Geno Joeh at Scripps Research,
to identify interactors of galectin-3 on the surface of endothelial cells, to elucidate
galectin functions in the inflammatory response. To do this, we used a fusion protein
comprised of ascorbate peroxidase enzyme and galectin-3, to tag proteins within a 20
nm radius of PX-Gal3 bound on the surface of HUVEC. We aimed to compare protein
interactors on TNFa + IFNy stimulated and unstimulated HUVEC, to further elucidate
galectin function in inflammation. We hypothesise that this technique will allow us to
identify novel binding partners of galectin-3 and explore their potential as functional

interactions that might be regulating the inflammatory immune response.
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5.2 Optimisation of proximity labelling galectin interactors on live cells

To validate the fusion protein in HUVEC and to determine the optimal concentration
for labelling, increasing concentrations of PX-Gal3 fusion protein were added to fixed
HUVEC, alongside PBMCs as a positive control (Joeh et al. 2021). Using flow
cytometry, we observed an increase in the side scatter profile (SSC) in both HUVEC
and PBMCs with increasing concentrations of PX-Gal3. Cell populations went from
57.2% and 75.3% in untreated conditions, to 6.52% and 3.66% following labelling with
200 nM PX-Gal3 in HUVEC and PBMCs respectively (Figure 32A). Since the cells
were fixed prior to labelling, the increase in SSC was unlikely to be due to cells
undergoing apoptosis or necrosis (Vermes, Haanen, and Reutelingsperger 2000).
Notably, precipitates formed in solution following incubation with PX-Gal3 and biotin-
phenol (Figure 32B, left) which appeared to further aggregate after the quenching
step, as precipitates appeared to clump together more in the absence of PX-Gal3 than
in its presence (Figure 32B, right). This phenomenon was not due to aggregation or
degradation of the PX-Gal3 protein, since only one single band was observed on the
SDS PAGE gel (Figure 32C). We next considered the effect of fixing the cells prior to

labelling, and whether this was responsible for causing the shift in the SSC.
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Figure 32: Proximity labelling of PFA-fixed PBMCs and HUVEC with PX-Gal3 in
solution leads to a shift in side scatter, associated with aggregates.

PBMCs and HUVEC were fixed with 4% PFA prior to incubation with increasing concentrations of PX-
Gal3 for 30 minutes. Cells were washed in PBS before undergoing 30-minute incubation with 500 yM
biotin-phenol in DMEM and adding 100 mM hydrogen peroxide for one minute. The reaction was
stopped through three washes of the cells with quench solution. A) Cell populations were gates by
forward (FSC) and side scatter (SCC) and showed a shift in SSC with increasing concentrations of PX-
Gal3, as determined by flow cytometry. B) Aggregates were observed in solution following the
incubation with biotin-phenol (left) and remained until the end of the experiment (right). C) A single band
of PX-Gal3 protein was observed by SDS-PAGE gel.

Since PFA is known to precipitate out of solution and can be highly reactive to certain
chemicals, the labelling was repeated in live PBMCs without prior fixing. The
population of PBMCs went from 80% in the untreated PBMCs to 65 — 66% in the 50

nM and 100 nM treatments respectively (Figure 33). A larger shift in the population
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SSC was observed only at the highest concentrations of PX-Gal3 labelling, where the
population of PBMCs reduced to 28% (Figure 33). Overall, the observed shift in SSC
was less prominent, but still present in the live cells versus fixed, suggesting that the

PFA was interfering with the assay.
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Figure 33: PX-Gal3 binding to live PBMCs causes a shift in the side scatter plot
with increasing concentrations.

Live PBMCs were treated with increasing concentrations of PX-Gal3 and subsequent biotin-phenol,
hydrogen peroxide and quench solution to perform the labelling experiment. Cell population as
measured by forward (FSC) and side scatter (SSC) shifted with increasing concentrations of PX-Gal3.

We next sought to determine whether the increase in SSC was a phenomenon of
exogenous Gal-3 interactions with the cells or was only being observed following
incubation with the Gal-3 fusion protein. First, we treated live PBMCs and HUVEC with
increasing concentrations of recombinant human Gal-3 (rGal3, carbohydrate
recognition domain only). The PBMC population remained between 76 and 78%
regardless of the concentration of rGal3 (Figure 34A). Gating on the PBMC population
and looking only at the single, live cells, a concentration dependent increase in
fluorescence intensity was observed, thus confirming the binding of rGal3 to PBMCs

(Figure 34B).
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Figure 34: rGal3 binding to live PBMCs does not cause a shift in side scatter
plot with increasing concentrations.

A) Percentage population of PBMCs following incubation with increasing concentrations of rGal3 was
determined by forward (FSC) and side scatter (SSC) profile by flow cytometry. B) Binding of rGal3 on
the single-cell population of live PBMCs was determined by mean fluorescence of bound PE-conjugated

anti-Gal3 antibody.

A similar observation was found in HUVEC, with the population ranging between 39-
45% following treatment with increasing concentrations of rGal3 (Figure 35A). As with
the PBMCs, the increase in fluorescence intensity confirmed Gal-3 binding to HUVEC
in a concentration dependent manner (Figure 35B). These results confirm that the
CRD of rGal3 alone, was not causing a shift in SSC of PBMCs and HUVEC, and that

binding of rGal3 to the surface of the cells could be detected.
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Figure 35: rGal3 binding to live HUVEC does not cause a shift in side scatter plot
with increasing concentrations.

A) Percentage population of HUVEC following incubation with increasing concentrations of rGal3 was
determined by forward (FSC) and side scatter (SSC) profile by flow cytometry. B) Binding of rGal3 on
the single-cell population of live HUVEC was determined by mean fluorescence of bound PE-
conjugated anti-Gal3 antibody.

When the same cells were incubated with PX-Gal3, the population of PBMCs was
reduced from 77.6% in the negative control to 33% following treatment with 100 nM
PX-Gal3, due to a shift in the SSC (Figure 36A). Surprisingly, we did not observe a
concentration dependent shift in fluorescence intensity following incubation with PX-

Gal3 (Figure 36B).
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Figure 36: PX-Gal3 binding to live PBMCs causes a shift in side scatter plot with
increasing concentrations.

A) Percentage population of PBMC following incubation with increasing concentrations of PX-Gal3 was
determined by forward (FSC) and side scatter (SSC) profile by flow cytometry. B) Binding of PX-Gal3
on the single-cell population of live PBMC was determined by mean fluorescence of bound PE-
conjugated anti-Gal3 antibody.

There was no observed shift in the SSC in HUVEC following incubation with PX-Gal3
since the starting cell population was unexpectedly small, meaning the variation
between 11.5% and 19.5% in population size had no relation to concentration (Figure
37A). As with the PBMC population, PX-Gal3 binding to HUVEC was independent of
concentration (Figure 37B). Since SSC is a measure of internal complexity of each
cell, it's possible that the PX-Gal-3 is penetrating the cell membrane, causing the
concentration dependent shift in SSC whilst leaving the fluorescence intensity

unaffected. This may be since surface bound PX-Gal3 is likely to be saturated. Overall,
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we have shown that the PX-Gal3 is successfully binding to HUVEC alongside the

PBMC control.
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Figure 37: No shift was observed in HUVEC scatter plot following incubation
with increasing concentrations of PX-Gal3.

A) Percentage population of HUVEC following incubation with increasing concentrations of PX-Gal3
was determined by forward (FSC) and side scatter (SSC) profile by flow cytometry. B) Binding of PX-
Gal3 on the single-cell population of live HUVEC was determined by mean fluorescence of bound PE-
conjugated anti-Gal3 antibody.

The next stages of optimisation were performed at Scripps, FL, USA, using pooled
Promocell HUVEC made up of three donors of mixed genders. We wanted to test
proximity labelling on adherent HUVEC in situ, using immunofluorescence to
determine successful biotinylation of proteins. We chose to include an intermediate
concentration of 75 nM PX-Gal3 within our optimisation test since we aimed to find a

balance between minimising disruption to cell morphology whilst obtaining the
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maximum amount of tagging possible. We chose to use the intermediate concentration
of 75 nM to ensure saturated surface binding whilst limiting the shift/aggregation

observed with 100 nM concentrations of PX-Gal3 by flow cytometry (Figure 37).

We observed successful biotinylation of HUVEC following incubation with all
conditions containing PX-Gal3, with similar staining observed in the 75 nM and 50 nM,
whilst appearing to be less intense at the highest concentration of 100 nM PX-Gal3
(Figure 38A). Of note, we observed disruption to the endothelial monolayer following
the labelling protocol with all concentrations of PX-Gal3 (Figure 38B). We attributed
this to the absence of supplements in the PX-Gal3/DMEM incubation step since we
also observed HUVEC detachment and monolayer disturbance in HUVEC after
incubation with DMEM only for 20 minutes (Figure 38C). We therefore aimed to adjust
the incubation times within the labelling protocol to minimise monolayer disruption. We
performed all optimisation steps using 75 nM of PX-Gal3, since this concentration

showed sufficient labelling in the original protocol.
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Figure 38: Proximity labelling technigue damaged HUVEC monolayer.

A) Proximity labelling was performed with 0 — 100 nM of PX-Gal3 and validated using
immunofluorescence at 10X and 20X magnification. B) HUVEC monolayer (left) was damaged (right)
following the proximity labelling with PX-Gal3 protocol, observed at 4X magnification. C) HUVEC
monolayer became detached after 20 minutes incubation in serum-free DMEM, in the absence of PX-
Gal3. Scale bar (A, top) 300 yum and (A, bottom) 150 um.

Through reducing the incubation times with PX-Gal3/DMEM, we were still able to
detect biotinylation in all positive conditions and to a much greater extent following 1-

5 minutes incubation with PX-Gal3 (Figure 39).

Subsequently, we investigated whether we could also reduce the biotin-phenol
incubation time to improve labelling efficiency. Successful labelling was achieved at
all incubation times, and to a similar intensity in all conditions (Figure 40). One final
small-scale experiment was conducted using the optimised conditions to mimic the

labelling of untreated and TNFa + IFNy treated HUVEC for downstream proteomics.
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Figure 39: Improved biotin labelling was observed in HUVEC with reduced
incubation times with PX-Gal3.

Serum free DMEM with 75 nM PX-Gal3, or without PX-Gal3 (-PX-Gal3) was added to confluent HUVEC
for 30 minutes (including -PX-Gal3), 15 min, 10 min or 1 min. Cells were washed with PBS and replaced
with 500 uM biotin-phenol in DMEM for 30 minutes, before adding 100 mM hydrogen peroxide for one
minute. The reaction was stopped through three washes of the cells with quench solution, before fixing

the cells and staining using fluorescently conjugated streptavidin (magenta) and DAPI (blue) for
subsequent microscopy. Scale bar 300 um.

Our results confirmed successful labelling of both the treated and untreated HUVEC,
whilst the absence of fluorescence in in the conditions containing lactose suggests

that interactors of galectin-3 bound in an almost entirely glycan-dependent manner
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(Figure 41). Overall, our findings confirm that one-minute incubation with 75 nM of
PX-Gal3 followed by one-minute incubation with biotin-phenol was sufficient for
labelling Gal-3 interactors of HUVEC, whilst limiting the amount of monolayer
disruption obtained from following the original protocol. These optimised conditions

were used in the large-scale experiment for mass spectrometry analysis.

Figure 40: Sufficient biotin labelling was observed in HUVEC with reduced
incubation times with biotin phenol.

Serum free DMEM with 75 nM PX-Gal3, or without PX-Gal3 (Negative) was added to confluent HUVEC
for one minute. Cells were washed with PBS and replaced with 500 uM biotin-phenol in DMEM for either
30 minutes (including Negative), 15 min, 10 min, 5 min or 1 min, before adding 100 mM hydrogen
peroxide for one minute. The reaction was stopped through three washes of the cells with quench
solution, before fixing the cells and staining using fluorescently conjugated streptavidin (magenta) and
DAPI (blue) for subsequent microscopy. Scale bar 150 pm.
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Treated
TNFa + IFNy

Figure 41: Immunofluorescence validation of optimised proximity labelling
conditions on HUVEC.

Confluent HUVEC were incubated for 24 hours in media £ TNFa and IFNy (10 pg/ml and 20 ug/ml) prior
to proximity labelling. Cells were first washed with PBS, before incubation for one minute in serum free
DMEM containing either 75 nM PX-Gal3 £ 100 mM lactose (Lac), or without PX-Gal3 as negative control
(- PX-Gal3). Cells were washed with PBS and replaced with 500 uM biotin-phenol in DMEM for one
minute, before adding 100 mM hydrogen peroxide for one minute. The reaction was stopped through
three washes of the cells with quench solution, before fixing the cells and staining using fluorescently
conjugated streptavidin (magenta) and DAPI (blue) for subsequent microscopy. Scale bar 150 uym.
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5.3 Identification of PX-Gal3 interactors by mass spectrometry

With downstream tandem-mass-tagging (TMT), biotinylated proteins were isolated
and identified by mass spectrometry to generate an extensive list of galectin-3
interactors on HUVEC. PX-Gal3 was used to identify exogenous galectin-3 interactors
expressed in both unstimulated and TNFa + IFNy stimulated HUVEC. In the untreated
HUVEC samples, 383 proteins were significantly enriched above the PX-Gal3
negative control (Figure 42A), whilst 390 proteins were identified to be outcompeted
by lactose (Figure 42B). In total, 342 proteins were both significantly enriched and
outcompeted for binding in the presence of lactose, with an R? value of 0.8645 to
suggest strong correlation between the two factors (Figure 42C). Additional hits were
identified in the competition conditions containing lactose, suggesting that protein
complexes and/or conformational changes induced by lactose may be required for
Gal-3 binding (Yin et al. 2006). We replaced missing values in our mass spectrometry
data with a nominal value of ‘1’ to allow us to perform comparative analysis without
excluding potential hits that were not identified by mass-spec due to complete

competition by lactose and/or absence in the negative control.

Of the stimulated HUVEC datasets, 389 proteins were found to be significantly
enriched above background (Figure 43A), with 391 proteins exhibiting competition by
lactose (Figure 43B). In total, 340 proteins were significant in both the enriched and
competition parameters, with an R? value of 0.8259 suggesting strong correlation
between the two factors (Figure 43C). We next input each of our datasets into the
Contaminant Repository for Affinity Purification (CRAPome) database for removal of

contaminating and common proteins obtained from mass spectrometry. Overall, we
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were able to generate a list of unique, potential interactors of PX-Gal3 for both

untreated and TNFa + IFNy stimulated HUVEC for further investigation and analysis.
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Figure 42: Mass spectrometry results from proximity labelling unstimulated
HUVEC with PX-Gal3.

A) Correlation of statistically significant and highly enriched proteins from PX-Gal3 over negative
treatment. B) Correlation of significant proteins and highly competed proteins from PX-Gal3 over PX-
Gal3 with lactose. C) Correlation of proteins between competition and enrichment ratio. Significance
threshold set to adjusted log2 p >1.5 and arbitrary value of log2 ratio of 2 and 3.36 for enrichment and
competition, respectively.
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Figure 43: Mass spectrometry results from proximity labelling TNFa and IFNy
stimulated HUVEC with PX-Gal3.

A) Correlation of statistically significant and highly enriched proteins from PX-Gal3 over negative
treatment. B) Correlation of significant proteins and highly competed proteins from PX-Gal3 over PX-
Gal3 with lactose. C) Correlation of proteins between competition and enrichment ratio. Significance
threshold set to adjusted log2 p >1.5 and arbitrary value of log2 ratio of 2 and 3.36 for enrichment and
competition, respectively.
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We mined our RNA sequencing data to explore transcriptomic differences within TNFa
+ IFNy stimulated HUVEC for comparison against the mass-spec data obtained
through streptavidin enrichment. We were able to identify and link transcriptional
changes in response to treatment, to protein enrichment in one treatment condition
over the other. Examples of this are CD38, ICAM1 and VCAM1, which were enriched
in the TNFa + IFNy treated HUVEC in both the proteomics and transcriptomics
datasets (highlighted in green, Figure 44). Interestingly, multiple hits including TLR2,
CADM3 and MMRNZ2 were identified to be enriched in one of the treatments conditions
at the protein level but not transcriptionally (highlighted in orange Figure 44). Most
noticeably, TLR2 protein had a 6.74 log2 fold enrichment in the treated versus
untreated HUVEC, whilst at the transcriptional level, only 0.37 log2 fold change was
observed (Table 5). Since we established that binding of PX-Gal3 could be out
competed by lactose, the discrepancy between the proteomics and transcriptomic
datasets could well be due to changes in glycosylation patterns on the proteins in

response to treatment.
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Figure 44: Comparison of proteomics and transcriptomics dataset identifies
differences between TNFa and IFNy stimulated and untreated HUVEC that may
be due to changes in glycosylation patterns.

Proteins highlighted in green were observed to have similar trends in their fold change differences
between treated and untreated conditions within the proteomics (top) and transcriptomic (bottom)
datasets, as expected. Proteins highlighted in orange showed significant fold change (outside dashed
line) differences in the mass spectrometry datasets, but not in the transcriptomics dataset.
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Table 5: Table of PX-Gal3 interactors with significant fold change difference in
enrichment between treated and untreated HUVEC.

Mass spec RNAseq

P value an of T ennn of UT enDifference of differer tratio df usted P Value Differenc e usted P Value
P28007 CD38  <0.000001 6877 00343 04341 1576 988 <0.000001 2.991 <0.000001 Yes
060603 TLRZ  <0.000001  7.461 0722 04341 1552 988 <0.000001 0.3723 >0.999399 No
P05362 ICAM1  <0.000001 7.204 1046/ 5348 04341 1232 988 <0.000001 3.401 <0.000001 Yes
P13501 CCL5  <0.000001 6042 2524 4419 04341 1018 988 <0.000001 <0.000001 Yes
P30481 HLA-B  <0.000001 7016 3558 4358 04341  10.04 988 <0.000001 <0.000001 Yes
P10320 VCAM1 <0.000001 8064 4842 4123 04341  949% 988 <0.000001 4785 <0.000001 Yes
Q13508 ART3  <0.000001 6185 2121 4064 04341 9362 988 <0.000001 1.123 0.110874 No
Q12801 HYAL2 <0.000001 5564  0.476[00ea8i0M8 04341  9.012 988 <0.000001 -0.4455 >0.999999 No
PO4170 SOD2  <0.000001 5317 1444 3872 04341 8919 988 <0.000001 51323 <0.000001 Yes
P16581 SELE  <0.000001 7.346 3556  &79 04341 8729 988 <0.000001 3.025 <0.000001 Yes
@BN126 CADM3 <0.000001 583 0305/ -8475 04341 8004 988 <0.000001 -0.1452 >0.939999 No
Q12805 EFEMP1 <0.000001 2752 6105/ -3858 04341  7.723 988 <0.000001 -0.7071 0.998596 No
QUEAP7 ESAM  <0.000001 6042 1008 -3135 04341 722 988 <0.000001 -1.081 0.173111 No
P13747 HLAE  <0.000001 8053 5012 3042 04341  7.006 988 <0.000001 2.101 <0.000001 Yes
QBIWA5 SLC44A2 <0.000001  6.901 085 2050 04341 6816 988 <0.000001 0.02452 >0.993999 No
QB6SQ4 ADGRGE <0.000001 5309 8265 2056 04341 681 988 <0.000001 [EEIGEE] <0.000001 Yes
QY219 JAGZ  <0.000001 5048  7.931 2883 04341 6.64 988 <0.000001 -0.971 0.466652 No
P35500  TIE1 <0.000001 5440 8316 2868 04341 6606 988 <0.000001 -0.7286 0.996362 No
Q13444 ADAM15 <0.000001 443 7267 2837 04341 6536 988 <0.000001 0.2386 >0.999999 No
O75144 1COSLG <0.000001 6315 3496 2818 04341 6402 988 <0.000001 0.6252 0.999953 No
PO7096 THBS1 <0.000001 4163 6896 2733 04341 6205 988 <0.000001 -0.07198 >0.938999 No
PO7942 LAMB1  <0.000001 5243 707 2728 04341 6283 988 <0.000001 -0.5786 >0.933999 No
PO1130 LDLR  <0.000001 7191 4541 2651 04341 6105 988 <0.000001 1.036 0.270106 No
P54760 EPHB4 <0.000001 5374 8004 2620 04341 6057 988 <0.000001 -0.4236 >0.999999 No
P02452 COL4A1 <0.000001 5199  7.814 2615 04341 6024 988 <0.000001 0.5004 0.716202 No
P23470 PTPRG <0.000001 5572 8136 -2564 04341 5007 988 0.000001 -0.9093 0.686019 No
P16284 PECAM1 <0.000001 5328  7.838 -2580 04341 5805 988 0.000001 PEENEE3) <0.000001 Yes
043155 FLRT2  <0.000001 558 8135 2555 04341 5884 988 0.000001 -1.613| 0.000098 Yes
QOHBE3 NTN4  <0.000001 4647 7165 2518 04341 5799 088 0.000002 -1.182 0.055244 No
P11047 LAMC1 <0.000001 5309  7.806 -2497 04341 5752 088 0.000003 -0.08218 >0.938999 No
P35221 CTNNA1 <0.000001 4898  7.365 2467 04341 5682 088 0.000004 -0.07262 >0.938999 No
P50501 TNFSF10 <0.000001 4706 2242 2464 04341 5676 088 0.000004 3.152 <0.000001 Yes
QBNG11 TSPAN14 <0.000001 5350  7.784 2424 04341 5584 988 0.000007 -0.4029 >0.938999 No
QOP2E7 PCDH10 <0.000001 4082  7.335 -2353 04341 5421 088 0.000016 21201 0.013449 Yes
P78310 CXADR <0.000001 4863 7185 -2322 04341 5349 088 0.000023 -0.4804 >0.939999 No
P48060 GLIPR1 <0.000001 6046 0261 2315 04341 5332 088 0.000025 -0.3597 >0.999999 No
QONZQ7 CD274 <0.000001 8026 6632 2203 04341 5282 088 0.000033 2.218 <0.000001 Yes
P50281 MMP14 <0.000001 7668 0881 2212 04341 5006 088 0.000087 -0.1547 >0.999999 No
014763 TNFRSF1(<0.000001 3255 5415 216 04341 4075 088 0.00016 0.4455 >0.999399 No
PE1812 TGFB2 0000002 5197  7.203 2006 04341 4828 988 0.000332 0.07898 >0.998999 No
QUEOE2 SCAMP4 0000002 4693 6787 -2004 04341 4823 988 0.000339 0.4041 >0.999389 No
P10221 HLA-C 0000003 6176 4132 2044 04341 4707 988 0.000591 3.912| <0.000001 Yes
QU6S86 HAPLN3 0000003 5062 3020 2033 04341 4683 088 0.000661 3.15 <0.000001 Yes
Q5VUBS FAMAT1A- 0000003 6797 8825 -2027 04341 467 088 0.000699 0.2075 >0.939999 No
P40051 ENTPD1 0000005 5191 7176 1085 04341 4573 088 0.0011 1273] 0.017024 Yes
043854 EDIL3 0000007 6713 4756 1057 04341 4507 088 0.001486 1.556 0.000252 Yes
Q13478 1L18R1 0000008 5888 3035 1053 04341 4499 088 0001533 0.8783 0.784863 No
O75718 CRTAP 0000009 1507 3441 1034 04341 4454 088 0001878 -0.7726 0.980001 No
QUBX67 JAM3 000001 5531 7462 1031 04341 4449 088 0.001914 -0.6073 0.999899 No
P25042 CD40 0000012 0348 7438 1011 04341 4401 988 0.002363 1.702 0.000021 Yes
0604492 LY75 0000015 5726 7616  -180 04341 4353 088 0.002919 0.3389 >0.999989 No
QOY4L1 HYOU1 0000021 2073 303 1857 04341 4278 088 0.004055 -0.5344 >0.938999 No
QOBZM4 ULBP3 0000023 5187 7036 -1840 04341 4250 088 0.004379 -0.5225 >0.933999 No
Q16625 OCLN 000003 406 6779 1819 04341 419 088 0.005881 -0.5464 >0.933999 No
P36041 LTBR 0000043  7.899 0683 -1784 04341 4109 088 0.008272 0.8773  0.78657 No
P52790 EFNB2 0000044 3678 546 1782 04341 4106 988 0.00835 510617] 0.000092 Yes
P30456 HLA-A 0000058 8199 6446 1753 04341 4038 088 0011055 4.134 <0.000001 Yes
000469 PLOD2 0000076 2009 385 -1726 04341 3075 088 0014258 1372 0.00429 Yes
000501 CLDNS 0000087 6877 8588 1711 04341 3041 088 0.01628 0.0958 >0.998999 No
O14672 ADAM1I0 0000146 4005 6561 -1656 04341 3813 088 0.026087 -0.0034 >0.999389 No
QOHBLE MMRN2 000017 5656 7205 -1638 04341 3774 088 0031329 -0.8154 0.933314 No
P20270 CTGF 0000193 5554 7179 1625 04341 3742 088 0.035269 0.168 >0.999999 No
P35613  BSG 0000195 5776  7.300 1623 04341 3739 988 0035522 -0.024584 >0.995993 No
P13508 ICAM2 _ 0.000212 _ 7.006 BE2 1614 04341 3718 9880036252 -0.2865 >0.933999 No
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5.4 HUVEC N-Glycome profile changes in response to TNFa + IFNy treatment

To understand whether the glycosylation profile of the cells changed with TNFa + IFNy
treatment, N-glycomics mass-spectrometry was performed on stimulated and
unstimulated HUVEC. Within the treated cells, there were increased levels of
FA2G2S2 and FA3G3S3, making up around ~22% of the N-glycan population (Figure
45). Most noticeably within this dataset, glycans with one or fewer sialic acid units,
including FA2G2S1, FA3G3S1, A2G2S1, FA2G2 and A3G3S1 were all found to be
more abundant within the untreated HUVEC, whilst glycans containing more complex
patterns of sialic acid tended to be more abundant within the treated samples (Figure
45). This is noteworthy since Gal-3 has been reported to have specificity for LacNAc
(Gal-GIcNACc) extensions on tri- and tetra-antennary N-glycans, with little tolerance for
sialic acid (Nielsen et al. 2018). These glycan characteristics are most abundant within
the untreated glycomics dataset (Figure 45), suggesting that it could be due to
changes in the glycosylation patterns rather than the expression of proteins that is
influencing the binding of PX-Gal3 and thus enrichment of interactors in one treatment
condition over the other. Of the proteins identified within the proteomics datasets,
~82% (53 of 64) are reported to have N-glycosylation sites, whilst the remaining have

potential or are reported as bearing O-linked glycans.
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Figure 45: N-glycomics profile differs between untreated and TNFa and IFNy
stimulated HUVEC.

HUVEC were incubated in meda +/- TNFa and IFNy for 24 hours before purification of proteins and
treatment with PNGase F for release of N-glycans for downstream mass spectometry. Glycan
compositions and structures were identified using GlycoWorkbench and the top 22 glycans across both
datasets were plotted as % relative abundance.
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5.5 Validation of Galectin-3 interactors by in silico techniques

To determine whether the proteins identified through mass spectrometry were already
known binders of galectin-3, we input the list of significantly enriched proteins, as well
as galectin-3 into the STRING database (Szklarczyk et al. 2019). BSG, PECAM1,
SELE, ICAM1 and VCAM1 were shown to have direct protein-protein interactions with
galectin-3 as previously reported (Figure 46) (Joeh et al. 2020; Colomb et al. 2017,
Rao et al. 2007a). Moreover, the STRING analysis also identified novel interactors of
galectin-3, including CD38, TLR2, MMRNZ2, LDLR, SCAMP4 and HYOU1 which have

not yet been reported as interactors of Gal-3.

To better understand the interactions between PX-Gal3 and the proteins identified as
potential binders by mass spectrometry, we used Alphafold to model the folding of PX-
Gal3 in silico. PX-Gal3 consists of a His-tagged protein made up of APEX2 and full-
length galectin-3, fused together by a short, flexible glycine-serine linker (Figure 47A).
The predicted Local Distance Difference Test (pIDDT) score for the fusion protein
averaged ~95, except at the linker like region that connects the N and C-term of the
galectin-3 sequence, indicating a high-quality structure model (Figure 47B). The
Predicted Aligned Error (PAE) indicates high confidence in the position of the APEX2
(AAs ~1-250) residues relative to each other, and the CRD portion of Galectin-3 (AAs
~370-510), but not within the engineered flexible linker region (AAs ~250-260) or non-
CRD portion of Gal-3 (AAs ~260-510) as expected (Figure 47C). The PAE also
suggests low confidence in the predicted position of each subunit (APEX2/N-
Term/CRD) relative to another, due to the flexible linker necessary for unrestricted
binding. The predicted model of PX-Gal3, colour coded according to the pIDDT score

is shown in Figure 47D, with the top-most globular subunit being the CRD of galectin-
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3 and APEX2 at the bottom. The natural linker within galectin-3 is observed in red

(Figure 47D).
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they are physically binding to each other.

Figure 46: Protein-protein interactions were determined by STRING analysis.

The list of differentially enriched protein interactors of PX-Gal3 from proximity labelling of HUVEC +
TNFa and IFNy stimulation, were input into the STRING database to determine direct and indirect
interactions with each other and Galectin-3. Figure retrieved from STRING analysis website (Szklarczyk
et al. 2019).
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Figure 47: In silico modelling of PX-Gal3 using ColabFold.

(A) PX-Gal3 amino acid sequence, composed of APEX2 and Gal3 proteins fused together with a serine-
glycine linker. (B) Predicted LDDT and (C) predicted aligned error (PAE) are used to display predicted
model error. (D) 3D rotating model of PX-Gal3 designed using Pymol and coloured according to
predicted error (pIDDT), where blue indicates high confidence in predicted folding and red is low
confidence.

169



Using ColabFold, we were able to obtain predictions of the interactions between CD38
and TLR2, the two proteins with the greatest fold change enrichment in treated versus
untreated conditions, plus CADM3 which was enriched by the greatest fold change in
the untreated conditions. ColabFold was unable to make a prediction on HYAL2, the
protein with the second greatest fold change in the untreated condition over treated,
so this was not displayed. The other three proteins were run through the software and
the PAE between each protein and PX-Gal3 was generated by ColabFold. The protein
of interest is shown in quadrant one and the PX-Gal3 within quadrant four (Left to right
across the top then bottom). Where white or blue is observed in quadrant two and
three is indicative of increased proximity to the other protein (Figure 48). From this,
we can see limited interaction between either of the proteins of interest and PX-Gal3
(Figure 48). In rankl of the CD38 predictions, we see some binding to the APEX2
portion of PX-Gal3, indicated by the large sections of white within quadrant two and
three, with limited proximity between the CRD region and CD38 at specific points

indicated by faint white sections (Figure 48).
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Figure 48: In silico modelling was used to predict interactions with PXGal3.

CD38, TLR2 and CADMS3, all proteins identified as interactors of PXGal3 by proximity labelling were
modelled using ColabFold for Predicted Aligned Error (PAE) scores, where red indicates high predicted
error and blue is low. The top left quadrant displays PAE scores of the protein of interest and bottom
right quadrant displays PAE for PXGal3. Quadrants on either side displays the PAE of residues from
each of the two proteins interacting with each other.

We used ChimeraX to model the predicted protein structure and interactions between
PX-Gal3 and CD38 with higher specificity (Figure 49) (Pettersen et al. 2021). When
selecting for PAE of 4 &ngstréms (A) or fewer, we can observe which amino acids are
predicted to interact and form strong electrostatic salt bridges, displayed by the
connecting red lines (Figure 50). Most predicted salt bridges are between the APEX2
(in grey) rather than the Gal-3 (magenta) portion of PX-Gal3 and CD38 (green) (Figure
50). Since Gal-3 is a glycan-binding protein, glycosylation may be necessary for
improved affinity and predicted interactions between the two proteins, something that
is not considered in in silico modelling. The potential sites for glycosylation on CD38
are labelled, at asparagine position 209 and 219, both relatively close to the CRD of
the Gal3 portion of PX-Gal3 (Figure 50). These prediction models support the mass

spectrometry data, suggesting high probability of PX-Gal3 binding to CD38.
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Figure 49: In silico model of PX-Gal3 interaction with CD38.

ColabFold was used to model and visualise the predicted interaction between PXGal3 and CD38. Left shows the structures coloured
according to protein. Right shows model coloured based on predicted error in folding, where blue indicated high confidence in predicted
folding and red is low confidence.
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Figure 50: Predicted residues facilitating interactions between PX-Gal3 and
CD38 were determined by in silico modelling.

ColabFold was used to model and visualise the predicted interaction between PXGal3 and CD38. Red
bridges show predicted interactions between the Gal3 portion of PX-Gal3 (magenta) and the coils of
CD38 (green) at 4 A resolution. Asparagine positions on CD38 that are likely to be glycosylated in vivo
are highlighted in red orange at N219 and N209, which are both within close proximity of the Gal-3/CD38
binding interface. Interactions between the APEX2 portion (grey) of PX-Gal3 and CD38 are also
observed at 4 A resolution.
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5.6 In vitro validation of Gal3 binding to CD38

We next wanted to validate binding of Gal-3 to CD38 using an ELISA. We coated
recombinant CD38 to 96 well high binding plates and titrated Gal-3, either PX-Gal3 or
rGal-3 CRD only (rGal3) to determine specificity and the EC50 for each protein. We
observed binding to CD38 with both the PX-Gal3 and rGal3, observing a higher EC50
value for PX-Gal3 compared to rGal3, of 0.031 yM and 3.405 uM respectively (Figure
51). This data confirms binding of Gal-3 to CD38, most likely through the CRD portion
of Gal-3 since the commercial rGal3 lacks the linker and N-term portions of Gal-3.
Although our in-silico model showed that APEX2 binding was likely, we expect that the
discrepancy between the EC50 values could be due to the peroxidase enzyme
APEX2, amplifying the signal for binding through the catalytic reaction with TMB

substrate.

To determine whether the interaction between Gal-3 and CD38 was glycan dependent,
we performed another ELISA, either in the presence of absence of lactose or sucrose.
Since, the affinity of Gal-3 towards galactose-containing glycan residues is much
greater than other sugar motifs we could out-compete glycan binding using lactose.
We observed that in the presence of lactose, binding to CD38 was reduced by over
90% for both the rGal3 and PX-Gal3, whilst sucrose had no effect on CD38 binding
(Figure 52). These results provide further evidence to support Gal-3 binding to CD38
through the CRD, since lactose occupies the binding space within this region. It also
suggests that any binding of the APEX2 to CD38 is minimal since the trends in binding

were similar between the CRD only (rGal3) and PXGal3.
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Figure 51: Confirmation of galectin-3 binding to CD38 by ELISA.

EC50 of PX-Gal3 (orange) and rGal-3 (blue) binding to immobilised CD38 was determined by ELISA.
Increasing concentrations (shown as log nM) of rGal3 and PX-Gal3 were added to plate-bound CD38
for two hours. Wells were washed and anti-Galectin-3 peroxidase conjugate added to each well. Wells
were washed and solution replaced with TMB substrate. Colour change in wells was measured at 450
nm and corrected using 540 nm or 570 nm wavelength. Data was plotted for the log nM concentration
and curve fitted for determining EC50 values and shown as average + SD of triplicates. The R-squared

value shows accurate line fitting.
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Figure 52: Galectin-3 binding to CD38 was outcompeted in the presence of
lactose.

Binding of both PX-Gal3 (orange) and rGal-3 (blue) to immobilised CD38 (3 ug/ml) was determined
using ELISA. Lactose was added to determine whether the interaction between CD38 and Gal-3 is likely
to be glycan-dependent, compared to non-competing sucrose or in the absence of any sugars. Colour
change in wells was measured at 450 nm and corrected using 540 nm or 570 nm wavelength. Data
was normalised to non-sugar containing baseline to show changes in binding in the presence of sugar.
Presented as average of two repeats (n = 2).
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5.7 Validation of MMRN2 binding

Another protein highlighted as significant in the enriched mass spectrometry data
(Figure 15), was Multimerrin-2. This protein is of particular interest within our research
department as Professor Roy Bicknell has produced a significant amount of data
relating to lectin-binding to MMRNZ2. As such, we were able to easily access a suite of
reagents to perform validation assays, including co-immunoprecipitation experiments

to determine Gal-3 binding to recombinant MMRN2.

Firstly, we predicted PX-Gal3 binding to MMRN2 using ColabFold v1.5.5, and
observed low prediction scores on the overall folding of MMRN2, as indicated by the
low pIDDT scores of 56-59 and even < 55 in some regions (Figure 53) (Mirdita et al.
2022). Such low scores indicate flexibility and reduced confidence in the predicted
folding, suggestive of intrinsically disordered protein regions. Focussing in on the
space between the Gal3 portion (magenta) of PX-Gal3, we observe predicted
interactions with MMRN2 of 4A (Figure 54, connecting red lines). Of note, an N-linked
glycosylation site at asparagine residue 439 (N439) is located near to the CRD of Gal3
(magenta) and might improve the affinity of Gal3 to MMRN2. Again, we observed
strong predictions for APEX-2 (grey) binding to MMRN2 using in silico modelling

(Figure 54).
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Figure 53: In silico model of PX-Gal3 interaction with Multimerin-2.

ColabFold was used to model and visualise the predicted interaction between PXGal3 and multimerin-2 (MMRN2). Left shows
the structures coloured according to protein. Right shows model coloured based on predicted error in folding, where blue

indicated high confidence in predicted folding and red is low confidence.
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Figure 54: Predicted residues facilitating interactions between PX-Gal3 and
MMRN2 were determined in silico.

ColabFold was used to model and visualise the predicted interaction between PXGal3 and multimerin-
2 (MMRN2). Red bridges show predicted interactions between the Gal3 portion of PX-Gal3 (magenta)
and the coils of MMRN2 (green) at 4 A resolution. Asparagine positions on MMRN2 that are likely to be
glycosylated in vivo are highlighted in red orange at multiple positions, including N439 which is within
the centre of the Gal-3/MMRNZ2 binding interface. Interactions between the APEX2 portion (grey) of PX-
Gal3 and MMRN?2 are also observed at 4 A resolution.

We confirmed by ELISA, that the CRD portion of Gal3 was binding to MMRN2 since
we detected binding to both PX-Gal3 and rGal3 (Figure 55). We observed a 60%
reduction in binding of either Gal-3 protein to MMRNZ2 in the presence of lactose,
compared to negative control, and no changes in binding in the presence of sucrose
(Figure 55). This partial reduction in binding confirms that the interaction between Gal-
3 and MMRN2 is partially glycan-dependent since we still observed some degree of

binding in the presence of lactose.

179



- . rGal3

Normalised MMRN2 binding

0.0-
Lactose - + -

Sucrose - - +

Figure 55: Galectin-3 binding to MMRN2 was not entirely glycan-dependent
since binding was not fully inhibited in the presence of lactose.

rGal-3 (blue) and PX-Gal3 (orange) binding to immobilised CD38 was determined by ELISA. CD38 was
coated onto plastic at 3 ug/ml overnight. Either PX-Gal3 or rGal3 +/- sucrose or lactose were added to
the plate in replicates and incubated for 2 hours before washing. Anti-Galectin-3 peroxidase conjugate
was added to each well, washed and replaced with TMB substrate. Colour change in wells was
measured at 450 nm and corrected using 540 nm or 570 nm wavelength. Data was normalised to non-

sugar containing baseline to show changes in binding in the presence of sugar.
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Immobilisation of the recombinant MMRN2 to plastic can alter its shape and
orientation, either preventing or facilitating specific interactions between MMRN2 and
Gal-3. To overcome this, and to provide additional evidence supporting their
interaction, we opted to use co-immunoprecipitation of recombinant MMRN2 and PX-
Gal3 in solution. Following incubation with nickel beads to recover the PX-Gal3, we
ran the immunoprecipitation eluate on Western blot and confirmed the presence of
MMRNZ2 in solution, further supporting the binding interaction between the two proteins
(Figure 56). In the presence of lactose, we visualised very little difference in the band
intensity for MMRNZ2, suggesting that the interaction between MMRN2 and PX-Gal3
is mediated by protein-protein interactions rather than being glycan-mediated (Figure
56). We would have predicted to see ~40% reduction in band size based on our
findings by ELISA. We observed a very faint band for MMRNZ2, if at all, in the whole
cell lysate control in lane three, most probably due to the MMRNZ2 being too dilute in
lysis buffer (Figure 56). The presence of two Gal-3 bands was concerning, suggesting
that the PX-Gal3 might have degraded in solution, as the lower band resides in the
expected size of the CRD portion of Gal-3 (~35 kDa). Nickel beads were employed for
PX-Gal3 pull-down. Depending on degradation timing, representative images may be
affected, as the His-tag precedes the Gal-3 portion of PX-Gal3. To eliminate this issue,
we replaced the PX-Gal3 with recombinant, CRD only, Gal-3. We used a truncated
version of MMRNZ2, which contained a His-Tag, and nickel beads to pull down protein

complexes.
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Figure 56: Western blot showing presence of Multimerin-2 bands following co-
immunoprecipitation of PX-Gal3 in cell lysates.

HEK cells were transfected with multimerin-2 (MMRNZ2-FL) or control (Empty) vector for overexpression
of full-length MMRN2 (MMRN2-FL) protein. Cells were lysed and either incubated with PX-Gal3, without
lactose (1), with PX-Gal3 and lactose (100nM) (2), for two hours. Immunoprecipitation was performed
using nickel beads to pull-down PX-Gal3 and associated complexes. Beads were washed before
denaturing and running on SDS-gel, alongside whole lysate control (3). Western blotting was used to
determine the presence of MMRNZ2 and Galectin-3 using specific antibodies.

We detected Gal-3 bands of ~35 kDa in all sample conditions, as confirmed by the
band in our positive rGal-3 protein only control (Figure 57). Ni-NTA beads are
notoriously ‘sticky’, as such they are likely to bind many endogenous proteins within
the lysates. Given the promiscuity of Gal-3 binding, the exogenous rGal-3 is likely to
bind to some of the proteins within the lysate which are then pulled down and detected
by Western blot. Promisingly, we see a more intense band for Gal-3 in the Trunc-
MMRN2 condition compared to the empty vector control (Figure 57). We also see that
in the presence of lactose, the level of detected Gal-3 is lower. Although this is not
sufficient evidence alone, it does strengthen our portfolio of evidence supporting the

interaction Gal-3 to MMRNZ2 in a semi glycan-dependent manner.
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Figure 57: Western blot showing Galectin-3 bands following co-
immunoprecipitation of MMRN2 using rGal3.

HEK?293 cells overexpressing truncated-MMRN2, or empty vector were lysed and either incubated with
rGal-3, without lactose (1), with rGal-3 and lactose (100nM) (2) overnight. Trunc-MMRN2 was pulled-
out of solution using nickel beads, denatured, and run on SDS-PAGE gel, alongside PX-Gal3 and rGal-
3 protein for detection and confirmation of Galectin-3 bands by Western blot.
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5.8 Discussion

The rationale of this chapter was to elucidate the function of exogenous galectins in
the context of endothelial cells and inflammation. To achieve this, our collaboration
with Dr Mia Huang and Dr Geno Joeh, who provided the PX-Gal3 reagents, expertise,
and access to proteomics and glycomics analysis, was instrumental. We have, a)
identified a list of novel Gal-3 interactors on HUVEC and b) characterised proteins that
may be important in the response to inflammatory stimuli to either promote or resolve
inflammation. Moreover, we observed through competition studies with lactose, that
many of these interactions were glycan dependent. Through the comparison of protein
interactors enriched in response to TNFa + IFNy stimulated HUVEC or basal
conditions, we were also able to identify several proteins that may be important in
facilitating pro- and/or anti- inflammatory effects. Analysis of both proteomic and
genomic datasets in parallel, highlights that differences in binding interactions
between Gal-3 may be driven through changes in the protein-interactors’ glycosylation
state. This may be the case where differential enrichment across treatments groups is

observed in the protein dataset but not at the transcriptional level.

5.8.1 Optimisation of proximity labelling of HUVEC

We established an optimised protocol for proximity labelling of HUVEC, involving 1-
minute incubation with PX-Gal3 and subsequent 1-minute with biotin phenol. Joeh et
al. published a list of potential Gal-3 interactors expressed in LX-2 cells, an
immortalised hepatic stellate cell line, using 30-minute incubation steps (Joeh et al.
2020). We observed detachment of HUVEC from plastic following the original protocol,
and after less than 10 minutes in DMEM containing no serum. Other studies have

successfully cultured HUVEC in serum negative DMEM overnight and report no cell
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detachment or death (Simoncini et al. 2002). Despite the tissue-culture plates being
pre-treated for adherent cells, the lack of ECM pre-coating may also contribute to rapid
cell detachment, since it has been shown that different ECM coatings can influence
growth, adhesion, and morphology of adherent cells (Zhang et al. 2009). Our
optimised protocol reduces the impact of these problems since cells were grown to full
confluency before the labelling protocol and treated for only 1 minute without serum at

the incubation stages.

Joeh et al report within their findings, the identification of intracellularly located proteins
(Joeh et al. 2020). Following our modified and optimised protocol, we identified only
extracellular, and membrane located proteins. Whilst the optimised protocol limits our
ability to identify intracellular interactors of Gal-3, the reduced incubation times are
likely to have aided in the recovery of intact membrane-bound, or ECM targets that
are physiologically relevant. This is not only since cells remained adhered to the plastic
with reduced incubation, but also that exogenous Gal-3 was reported to induce rapid
MMP-9 expression and activity (Dange et al. 2014), which leads to cleavage of ECM
components (Wang and Khalil 2018) and CAMs (Conant et al. 2010) in melanoma
cells. Proteins cleaved in such a way might result in the loss of tagged proteins during

the washing stages prior to mass spec analysis.

We identified a total of 342 and 340 potential interactors of galectin-3 on unstimulated
and TNFa + IFNy stimulated HUVEC, respectively. Positively, some of the proteins we
identified were also present within the LX2 dataset, including BSG, CD40, CD47 and
LGALS3 (Joeh et al. 2020). Joeh et al reported 248 proteins within the enrichment and
competition LX2 datasets (Joeh et al. 2020). Given that galectin-3 is a promiscuous

protein known for its binding to glycosylated proteins and lipids, which makes up 5 —
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10 % of the total membrane mass (Cooper 2000), it is not surprising that we uncovered
many enriched proteins by mass spectrometry. We identified unique proteins which
were differentially enriched within the TNFa + IFNy stimulated HUVEC, some of which
we determined to be due to differential gene expression in response to treatment
(Table 5). Amongst these were ICAM1, VCAM1, SELE and PECAM1 which all have
established roles within the leukocyte trafficking cascade (Herter and Zarbock 2013)
(Ley et al. 1998). Interestingly, the crucial role of SELE in regulating leukocyte
tethering and slow rolling appeared to be significantly inhibited in galectin-double-
knockout mice, as seen by increased leukocyte flux, and to an extent but not
significantly, within our Gal-37- mice (Figure 21 and 36) (Chiu et al. 2007). Gittens et
al show that lung endothelial cells from Gal-3”- mouse express reduced SELE on their
cell surface (Gittens et al. 2017). Since we know that Gal-3 is also intracellularly
expressed, a direct interaction between the two molecules, as supported by our data,

might be driving the function of SELE within the leukocyte trafficking cascade.

Interestingly we identified some proteins that were more enriched within the mass
spectrometry data, but which did not exhibit differential gene transcription. For
example, HYAL2, a glycosylphosphatidylinositol-anchored hyaluronidase, showed
almost 4-fold less enrichment within the treated conditions, despite displaying only a
0.5-fold reduction in transcription. Internalisation of HYAL2 via endocytosis into
lysosomes is required for its function in degrading hyaluronan (HA) - a major ECM
component, into smaller functional fragments which stimulate synthesis of
inflammatory cytokines (Ronny and Mark 2012) (Bourguignon et al. 2004). This could

explain why we see less enrichment of HYAL2 in the TNFa + IFNy stimulated HUVEC.

186



TLR2 was amongst the most differentially enriched proteins within the stimulated
HUVEC, though did not display significant differential gene transcription. TLR2 is
reported to translocate to the EC surface in response to IFNy stimulation, which is
supported by our observation of enrichment in the treated HUVEC mass spec data
(Shuang et al. 2007). We also see that metalloprotease ADAM10, responsible for
cleaving TNFa, is differentially enriched between the treatment groups in our mass
spectrometry data, but not in the transcriptional dataset. Since ADAM10-mediated
cleavage of TNFa is dependent on tetraspanins, we might hypothesise that ADAM10
is undergoing conformational changes when bound to different tetraspanin ligands
(Noy et al. 2016). Such a conformational change might ‘mask’ galectin-3 epitopes,
thus ADAM10 enrichment is greater in untreated HUVEC compared to TNFa + IFNy
stimulated HUVEC. Such intricacies of potential galectin-3 binding to its interactors,
and the downstream functional consequence of this requires further reading and
experimental work to validate and form hypothesise from our data. This might include
confocal imaging of intact cells to determine exogenous gal-3 binding, localisation and

potential trafficking within HUVEC.

We reported changes in the abundance of specific N-glycans, between stimulated and
control HUVEC. Differences in the glycomic profile could affect the affinity for galectin
binding to its natural ligands, since galectin-3 has an increased affinity for repeats of
internal and terminal LacNAc units, with some tolerance for sialylation, of which we
see more of in stimulated HUVEC (Patnaik et al. 2006). Changes in cell-surface
glycans provide diagnostic and prognostic value in disease, particularly in cancer and
rheumatoid arthritis (Ohtsubo and Marth 2006) (Axford et al. 1992) (Reily et al. 2019).
Meanwhile, defects in the glycosylation patterns of cellular proteins have been

reported to negatively influence recognition of self and non-self-antigens, resulting in
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faulty or chronic inflammatory responses (Zhou et al. 2021). Therefore, it's possible
that Gal-3 will preferentially bind proteins in one glycosylation state over another,
explaining why we might see differential enrichment of one protein in one HUVEC
condition and not the other. Further investigating into the different glycosylation states
of the identified proteins would provide clarity on this as a potential factor influencing
our results and whether this is a feasible explanation for the differences observed

between HUVEC conditions.

5.8.2 Gal-3 interactions with CD38

We identified CD38 as one of the most differentially enriched proteins between the
two HUVEC datasets. CD38 is ubiquitously expressed in several cell types, including
T-cells, B cells, macrophages, monocytes, neutrophils and more, but was originally
discovered for its role in inducing T-cell apoptosis via shared pathways with the CD3/T-
cell receptor (Morra et al. 1998). The role of CD38 as an immunomodulatory molecule
in autoimmunity and inflammation has also been reviewed (Piedra-Quintero et al.
2020). Interestingly, CD38 was not identified within the published list of enriched
proteins in PBMCs following proximity labelling with PX-Gal3 (Joeh et al. 2020). One
explanation for this may be due to the requirement of stimulation of PBMCs with pro-
inflammatory cytokines, which was reported to upregulate CD38 expression in
macrophages and monocytes, as well as in HUVEC as confirmed in our dataset (Amici
et al. 2018). It was recently reported that EC activation of CD38 leads to accelerated
degradation of nicotinamide adenine dinucleotide (NAD+), an important cofactor
required for fundamental biological processes, linked to increased blood pressure and
vascular damage associated with hypertension (Qiu et al. 2023). Membrane anchored

CD38 also interacts with CD31 on endothelial cells, not only promoting leukocyte
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adhesion, but triggering complex transmembrane signalling to induce pro-
inflammatory responses (Deaglio et al. 2000). The localisation of CD38 into lipid-rafts
is required for trafficking into the cell via endocytosis, to perform intracellular functions
(Saeed et al. 2022). Interestingly, Gal-3 has previously been reported to trigger the
ordering and subsequent bending of glycosphingolipids within the membrane to
facilitate endocytosis of CD44 in dendritic cells (Lakshminarayan et al. 2014).
Together, these data suggest that Gal-3 could play a crucial role in facilitating the
clustering of molecules into ordered membrane rafts to support signal transduction.
This is particularly feasible since Gal-3 can oligomerise and broadly binds to glycans
which are heavily present within the glycocalyx and on proteins and lipids embedded
within the cell membrane. Further investigation into this hypothesis is required and
would involve knocking down endogenous Gal-3 and adding in exogenous Gal-3
protein, measuring clustering events either by high-resolution microscopy or through

western blotting for CD38 in either ordered or non-ordered fractions.

5.8.3 MMRN?2 interaction with Galectin-3.

We identified MMRNZ2 as a novel binding partner of Galectin-3. This has not previously
been reported. MMRN2 is a large surface-expressed molecule found mainly in
endothelial cells and adipocytes (Atlas 2023). The expression of MMRN2 is unaffected
by inflammatory cytokines (Sanz-Moncasi et al. 1994), which we also confirm in our
RNA sequencing dataset. Splenic, and hepatic sinusoids have reduced expression of
MMRN2 (Sanz-Moncasi et al. 1994; Pellicani et al. 2020), which incidentally are both
areas of low shear stress, and where we would expect to see less Gal-3 expression

in ECs based on our data (Section 3.2).
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MMRN2 functions as an angiostatic molecule which inhibits VEGFR2 signalling
through its binding to VEGFA (Colladel et al. 2016). Contrary to this, Galectin-3 is a
known angiogenic molecule through its role in facilitating clustering of integrin av33
through glycan-dependent interactions that promotes VEGF mediated angiogenesis
(Nangia-Makker et al. 2000). In silico modelling predicts that the interaction between
Gal-3 and MMRN2 occurs at residues surrounding N439, which is a predicted
glycosylation site. Since molecular modelling does not predict or display glycosylation
sites or patterns, we speculate that the interaction and affinity of Gal-3 for MMRN2
would improve in the presence of glycans, as the natural ligand for Gal-3. Our binding
study suggests that the interaction between Gal-3 and MMRN2 is not wholly glycan-
dependent, since in the presence of lactose we still saw ~40% binding of rGal-3 to

rMMRNZ2.

C-type lectin domain containing group 14 members; CLEC14A, CD248 and CD93,
have all been identified as cognate ligands for MMRN2 (Khan et al. 2017). CD248 is
a molecule expressed in fibroblasts that has been found in complex with Gal-3 to
promote inflammation and fibrosis through the induction of CCL17 and collagen
deposition in macrophages and myofibroblasts respectively (Pai et al. 2020). Deletion
of CD248 reduced the susceptibility of mice to liver fibrosis in one study, whilst another
study report that capillary sprouting was dependent on CD248 expression (Wilhelm et
al. 2016) (Naylor et al. 2014). CD248 binds to MMRN2 between amino acids 133 and
486 which overlaps the predicted region for Gal-3 binding (Khan et al. 2017). Whilst
the function of this interaction is yet to be determined, correlation between lowly
expressed MMRNZ2 within liver tissue, which is highly susceptible to fibrosis, suggests
that Gal-3 and MMRN2 interactions might be key in driving fibrosis. Given the

promiscuity of Gal-3 binding, it is highly likely that Gal-3 may be facilitating multiple
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simultaneous interactions between ECM components and requires careful design of

functional assays to fully elucidate these functional relationships.

5.8.4 Therapeutic potential

The promiscuity of lectin binding and function as soluble protein makes them
challenging molecules to target therapeutically. The use of lectin-fusion proteins to
proximally tag and identify novel interactors offers an attractive method to
understanding lectin-binding in the physiologically relevant context of specific cell
states. In this case, we uncover novel interactors of exogenous galectin-3 on HUVEC
in the context of inflammation through comparing enriched proteins within the TNFa +
IFNy stimulated HUVEC to unstimulated control. With further exploration of tissue-
specific GBP-interactions, there is potential to uncover attractive therapeutic
opportunities that limit cross-reactivity and off target effects to develop highly specific

therapies.

One such example, could be in targeting the N-term of Gal-3, to prevent the formation
of oligomers and thus lattice formation that may be responsible for downstream
signalling and reprogramming of the endothelial extracellular environment that drives
cancer and fibrosis (Marino et al. 2023). Alternatively, we might use proximity labelling
to understand the mechanisms of the protective role of Gal-3 in microbial infection
which is often accompanied by reduced neutrophil recruitment (Oliveira et al. 2021).
Increased levels of serum Gal-3 are associated with cardiovascular disease and
SARS-CoV-2 infections (Liu et al. 2022; Cervantes-Alvarez et al. 2022; Blanda et al.
2020). As such, we could try and target Gal-3 using bi- or tri-valent antibodies specific
to the N-term, to recruit and redirect circulating serum Gal-3, towards its’ ligands to

facilitate protective or pro-resolving interactions to treat diseases. Alternatively, we
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might wish to use fusion proteins containing Gal-3 to induce signal transduction in
immune cells by facilitating the formation of lipid rafts that direct transduction towards
a pro- or even anti-inflammatory response depending on the patients’ needs
(Demetriou et al. 2001) (Lagana et al. 2006) (Nangia-Makker et al. 2007; Nieminen et

al. 2007).

5.8.5 Limitations

Our results are based on one round of proximity labelling performed in triplicate, on
HUVEC samples made up of three cell donors pooled together. Ideally this experiment
would have been repeated, to confirm the identification of proteins across multiple
experiments, however, due to technical issues with the mass-spectrometry machine,
we were unable to run the repeat samples. Since we used pooled HUVEC, our data
should account for natural biological variation within our samples, and having run the
experiment in triplicate, we should also account for sample variation in our data

acquisition.

Galectin-3 and PX-Gal3 are both able to oligomerise in solution (Nieminen et al. 2007),
which adds a layer of complexity in determining binding interactions and functions of
protein interactions. We validated the binding between Gal-3 with CD38 and MMRN3
using immobilised rGal3 (CRD only) and PX-Gal3 to determine binding EC50s. In this
format, we have no control over the orientation of the protein interactions, and

therefore unable to determine whether oligomerisation is critical for these interactions.

In summary, we have identified a large list of novel protein interactors to PX-Gal3, of
which several have been validated using in silico and in vitro techniques. Further work

to establish functional impact of these interactions is required, but we hypothesise that
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exogenous Gal-3 facilitates protein clustering within the membrane, to promote
protein-protein interactions crucial for several cellular functions, including key

mechanisms of inflammation and disease.
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CHAPTER 6: CONCLUDING REMARKS AND FUTURE
DIRECTIONS
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6.1 Concluding Remarks

6.1.1 Concluding Remarks

In this thesis, we aimed to elucidate the function of endothelial galectins and their
pivotal role in leukocyte trafficking, through research into the regulators of endogenous
endothelial galectins, their functions in leukocyte trafficking in vivo, and in studying
interactors between exogenous Gal-3 and stimulated HUVEC. Our approach involved
characterising the regulators of endothelial galectin expression and elucidating their
functions through in vivo and in vitro assays to uncover key molecular interactions.
The findings presented here shed light on the nuanced roles of galectins in immune
responses, presenting both intriguing revelations and avenues for further

investigation.

6.1.2 Key Findings

Our results highlight several crucial insights: Firstly, we observed that endothelial Gal-
9 expression is intricately regulated by viral-associated mediators (e.g.) IFNy, IFNJ,
IFNa2 and Polyl:C, suggesting its involvement in immune responses to infection.
Secondly, our data indicate that endogenous Gal-3 and -9 operate through distinct
mechanisms to regulate leukocyte trafficking events, as demonstrated by the
increased leukocyte flux through the vessels of inflamed cremaster of Gal-37/Gal-9"
double knockout mice. We observe that endogenous Gal-3 expression is responsive
to shear stress and less so to inflammatory mediators, whilst endogenous Gal-9
expression is highly regulated by both pro-inflammatory mediators and shear stress.
Finally, we speculate that exogenous Gal-3 has a pivotal function in driving

inflammatory responses as we report differences in the binding of exogenous Gal-3
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with novel ligands, including CD38 and MMRN2, on the surface of unstimulated and
TNFa and IFNy-stimulated HUVEC that alludes to a crucial and expansive role for

exogenous Gal-3 on endothelial function in inflammation.

6.1.3 Context-Dependent Functions

The elusive role of galectins in regulating immune responses suggests their function
is highly dependent on the context of the tissue environment. Previous studies from
our lab report that Gal-9 is a key player in atherosclerosis, which we further support
through our culture under flow studies, confirming shear stress as a regulator of Gal-
9 expression (Krautter et al. 2022). This opens many avenues for investigating the
function of galectins, particularly considering tissue context and disease. For example,
we can contrast the environment of the aorta, a site of high laminar shear stress, to
the vessels in the liver sinusoids, which experience low shear stress to elucidate the
roles of endothelial Gal-9 more specifically in atherosclerosis and liver disease,

respectively.

Similarly, we allude to Gal-3 having multifaceted functions, which are governed by its
endogenous or exogenous interaction with endothelial cells. We confirm that
endogenous endothelial Gal-3 is upregulated in response to shear stress, but not pro-
inflammatory mediators. Our results suggest that Gal-3 may be expressed and
secreted under high shear stress, where it then binds to protein interactors on the
endothelial cell surface. We hypothesise that the state of the endothelial cell — and
whether it is activated or not — is the key determinant of Gal-3 binding and function.
Since we identified several novel protein interactors through proximity labelling, we
predict that the glycocalyx will also be a key factor determining the function of Gal-3.

In the context of inflammation, the glycocalyx becomes disturbed and damaged,
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exposing the endothelium to opportunistic binding from exogenous Gal-3, for which
leukocytes are a major source. It is in further understanding of this cause-and-effect
relationship that we predict Gal-3 function is important. We predict that Gal-3 is
responsible for facilitating key interactions that determine cell state and function —

particularly since the oligomeric nature of Gal-3 allows it to do so.

6.1.4 Implications for Atherosclerosis

We report here that Gal-9 is particularly responsive to laminar shear stress,
predominantly at increased rates. We observe increased LGALS9 transcription in
response to orbital shaking culture, which appears to be expressed intracellularly, as
confirmed through our results showing that Gal-9 positive staining was significantly
increased in cells cultured with orbital shaking compared to static. We did not see
increased transcription in HUVEC cultured with 2Pa laminar flow, suggesting that the
heterogenous nature of high shear stress within the shaking well format is indeed the
driver of mechanotransducive Gal-9 expression. As such, further experiments are
required to look at the effect of higher shear stress rates on EC Gal-9 expression. We
might hypothesise that Gal-9 is stored intracellularly in ECs lining the aorta, with some
soluble Gal-9 expressed from the ECs for homeostatic function through predicted
interactions with the glycocalyx — which we know to be heavily comprised of (-
galactose containing glycans. In early atherosclerosis, the glycocalyx undergoes
destruction and remodelling, which exposes the ECs to inflammatory mediators —
namely TNFa and IL-1B — both inducers of LGALS9 transcription in ECs (Mitra et al.
2017). We hypothesise that Gal-9 is then released from the cells in soluble form, where
it enters the bloodstream, raising the serum Gal-9 levels as observed in disease and

prompting leukocyte trafficking to the area with eventual accumulation of leukocytes
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into the plaques that drive disease. As such, we report that endogenous Gal-9 is
necessary for physiological function in ECs and that when stimulated within the pro-
inflammatory context, Gal-9 is secreted into the blood stream where it facilitates
endothelial-leukocyte interactions that drive leukocyte trafficking, inflammation and

ultimately disease if not resolved.

6.1.5 Liver Pathogenesis and Beyond

In the context of the liver, our results hint at the role of endogenous endothelial Gal-9
as a key driver in virus-associated pathogenesis. Gal-9 expression in LSECs is low in
healthy physiological conditions. Since the liver sinusoidal endothelial cells are
specialised to withstand low shear stress, this appears to be of protective importance
within this context. We observe that Gal-9 is overexpressed within the LSEC following
their treatment with viral-associated inflammatory mediators — namely IFNy. We
observe a similar trend in our HUVEC and HAEC data whereby IFNa2, IFNB and
Polyl.C, drive overexpression of Gal-9. Our ex vivo IHC data using HepC and PBC
tissue sections confirm that Gal-9 expression is upregulated in diseased tissue
compared to healthy control. This observation is particularly interesting since PBC and
HepC are both virus-associated pathologies (Haydon and Neuberger 2000; Mason

2018).

We observe that macrophages — more specifically Kupffer cells — express high levels
of Gal-9 in all diseased sections, providing scope to explore the function of exogenous
Gal-9 on endothelial cells, particularly in the context of disease. Perhaps it would be
worthwhile performing similar proximity labelling experiments to elucidate Gal-9
function in this context. However further investigation is certainly required to

understand the function of exogenous Gal-9 on ECs, particularly in the liver, and its
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role in facilitating leukocyte trafficking in liver disease. Moreover, further investigation
into the context of galectin expression patterns is necessary to understand the

biological relevance of disease and tissue-specific galectin responses.

6.1.6 Future Directions

Moving forward, we will be continuing work to further understand the role of Gal-3 in
the context of endothelial-leukocyte crosstalk. We observe interesting results alluding
to soluble exogenous Gal-3 being a key molecule for determining endothelial cell fate
and function. We observe that endogenous endothelial Gal-3 transcription remains
stable in HUVEC following stimulation with pro-inflammatory mediators, and is
significantly decreased in LSEC with TNFa and IFNy treatment. As such, using the list
of novel surface-expressed interactors that we discovered through proximity labelling
of HUVEC treated with TNFa and IFNy, and comparing this with the list of interactors
we recovered from proximity labelling on untreated HUVEC, we wish to better
understand the function of Gal-3 in the context of leukocyte trafficking. We hypothesise
that exogenous Gal-3 functions through initiation of signal transduction by facilitating
the formation of lipid rafts. Many reports have shown that Gal-3 is increased in the
serum of patients suffering from various diseases, including cardiovascular and
autoimmune diseases, neurodegenerative disorders, and cancer, which may provide
the exogenous Gal-3 that initiates immune and inflammatory responses across the

blood vessels.

Following the discovery of Gal-3 as a molecule expressed by activated macrophages,
it appears to be a significant contributor to elevated serum levels. Our objective is to
delve deeper into understanding the interplay between soluble Gal-3 and one of its

identified interactors — CD38. We hypothesise that Gal-3 plays a pivotal role as a
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mediator in this interaction. Our investigation will extend to the interaction between
CD38 and its established ligand CD31, which we believe acts as a crucial catalyst for
transmigration. We hypothesise that this process is facilitated by the initiation of lipid
raft formation through which we believe Gal-3 interactions with phosphosphingolipids
and CD38 to be crucial. To explore these dynamics, we plan to employ fluorescently
labelled recombinant proteins and super-resolution microscopy techniques. This
methodology will enable us to monitor the movement of CD38 and CD31 through the
membrane in the presence of exogenous Gal-3. The significance of such research
may uncover potential therapeutic opportunities that could be used to prevent chronic
inflammation, and even alter the endothelial cell states towards homeostatic to

promote disease resolution.

6.1.7 Conclusion

In conclusion, galectins emerge as complex glycan-binding proteins with diverse
functions dependent on their context. The interplay between galectins, shear stress,
and the vascular microenvironment presents a fascinating area for future exploration.
As we delve deeper into the sophisticated family of galectins, we anticipate unravelling
their intricate contributions to the cross talk among molecules and structures in the
larger biological landscape. The dual nature of pro-inflammatory and pro-resolution
responses suggests galectins as key players in maintaining immune homeostasis—a

field ripe for further investigation.
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