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Summary

Cardiovasculacomorbidities are the primary cause of death in patients with rheumatoid
arthritis. Galectin3, a proinflammatory binding protein, regulates a broad range of
biological processes such as cell adhesion, chemoattraction and cell activation and is
involved in pathological processes, including inflammation, organ fibrosis, cancer and
autoimmunity. Galecti¥r8 is expressed in immune cells, including T cells, yet the
mechanisms by which galectthlinks systemic T cell dysregulationairthritis associated
vasculo@thy are largely unknown.

The sudiespresented in this Thestsst the ability of a smaiinolecule inhibitor of galectin

3, GB1107, to prevent vascular pathologynflammatory arthritis.Initial studies used the
collagen induced altritis (CIA) mouse model to investigate gale@imhibition on vascular
inflammation. Immunohistochemistry was used to track leukocyte accumulation in the
thoracic perivascular adipose tissue (PVAT) and myography to measure constriction
responses in thehoracic aorta as a marker of vascular dysfuncti@unsistent with
cardiovascular associations in rheumatoid arthritis, immunohistochemistry of thoracic
aortas showed a significant increase in gale@tpositive cells and CD3 T cell staining in
the vasclar tissue of mice with ClAreatment with GB1107 caused a reduction in T cells
within thoracic PVAT. However, treatment with GB1107 did not improve vascular
constriction defects at this chronic stage of Cla determine if galectd3 may be
mediating is effects via immune cells, galecBrexpression was characterised in CD4 T cell
differentiation assays. A unique and significant increase in gal@ctmxpression and
secretion was observed in Thpdlarising conditions. Notably, Th17 cell differentiativas
inhibited by GB1107 in a concentration dependent manAeiditionally, the use of GB1107
and galectin3’ cells (gals3") identified a role of galecti® in Th17 proliferation,
establishing galecti® as a potential therapeutic target in diseasgsere Thl7 cells are
involved and are pathogenic. Later studies used the antigen induced arthritis (AlA) model of
inflammatory arthritis whichfeaturesa Th17 drivensynovitis. Galecti3 expression was
upregulated in CD4 T cells during AIA and treatmétit 8B1107 led to a reduction in CD4
cells in the inflamed synovium. Furthermore, treatment with GB1107 led to the full
restoration of vascular constriction responses, suggesting that inhibition of gaRctiald

be beneficial in the application of aritis associated vasculopathy.

Galectin3 promotes Th17 cell differentiatioand proliferation and regulates vascular T cell
accumulation inCIA. Inhibiting galectir8 using GB110fully restores vascular constriction
responses in AlAand has potential to limit Thl-mediated pathology in chronic
inflammatory diseases
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Chapter 1

1.1 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease resulting in chrofeenmation
Inflammation primarily occurs in synovial joints and ultimately leads to joint destruetion
but can have systemic effects on vital tissues and organs. RA dféatsen 0.5% td.% of

the worldwide population(Silman and Pearson 2002 is characterised by the production

of autoantibodies against IgG, also known as rheumatoid factor, andciamtiinated
protein antibodies (ACPA$A is a highlieterogeneous diseasafluenced by gretic and
environmental factors that are associated with susceptibility and progression of disease.
For example, heterogeneity is observatithe geneticand epigeneticlevel in local joint
inflammation andin systemicimmune and metabolic signature®/omen are at 23 times
higher risk of developing RA than men. RA has a genetic component and patients with the
HLADRB1*01 and HI-BRB1*04 alleles are at significant risk of developind@&Agersen

et al. 1987) Variants in PTPN22 andd&T genes are associated with both seropositive and
seronegative patientgViatte et al. 2012)whereas variants in CD28eaonly found in
seropositive RA patients and variants in PRL genes are only found in seronegative patients.
Many variants in genes associated with RA are found at enhancer regions of genes,
indicating that they may play a role in regulating genes at distacations. Epigenetic
modifications have also been identified with the risk of developing; RNA methylation

of the gene EXOSC1 which is involved in RNA degradation, showed differences in a RA
patient and their identical twiGomezCabreroet al. 2016) While genetics are a risk
factor for RA, environmental impact can also have a role in developing RA. Smoking
doubles the risk of developing RA, and smokers who have alleles on thRBRRA gene

have 26fold increased riskKallberg et al. 2011)Other environmental risk factors are
periodontal disease, low levels of gut microbiota and previous history of EgB&ginvirus

(EBV).

There are fourtages in the pathogenesis of RAusceptibility to RA, preclinical RA, early

RA and established RA. While factors associated with disease susceptibility can be genetic
and/or environmental and have been outlined previously,-pliaical RA is considered a

the first indications of damage to synovial joints. During this phase, prowich as
histones and vimentilecome citrullinatecby PADI enzymesltering their chemistry, and
leading to the activation of T cells and production of antibodies by B, celsiting in
synovial inflammation(Yamada et al. 2005; Hws 2013) Patients in this stage are
asymptomatic.Progression to aly RA is characterised by inflammation in the synovium

and infiltration ofimmune cells, includinggcD4 T-helper cells and macrophage® the

2
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joint. Early RA and established RA is separhiefdirther synovitis and irreparable damage

to the joint architecture.

The synovium is the most affected tissue in RA. In healthy conditions the synovium
produces lubricant and provides nutrients to cartilage to allow for a low friction
environment. The synovium has a variety of cells in the form of macropliege
synoviocytes, fibroblasts, adipocytes, and blood vessels. During RA, the innermost layer
also known as the intimal liningdf the synovium containing macrophage like synoviesy
fibroblasts and resident immune cells, proliferates and ultimately results in the production
of cytokines (e.g. 6, TNF and IL:1) (Smolen et al. 2018)Another feature of RA is the
infiltration of immune cells to the synovium lining, whichnresut in the formation of
ectopic lymphoid structures of B cells that further proliferate and produce antibodies. The
joint becomes damaged by the proliferation of these cells and the subsequent production
of pro-inflammatory cytokines and matrix mdtaproteinases €.g., MMP-9). Bone
destruction occurs when these mediators invade and degrade the cartilage, leaving the
articular surface exposed. When exposed, bone resorbing cells called osteoclasts are
matured and activated by RANKL. Osteoclasts degiaahe matrix by proteaseand
hydrochloric acidproduction. Cytokines have been recognised as playing a key role in
synovitis and are produced by synovial cells which further enhance inflammation. Cytokines
produced activate other T cells and macrophagesjch in turn produce their own
cytokines forming a feedback mechanism by which cytokine production is dysregulated and

uncontrolled.

While the joint is the main feature of inflammation during RA, inflammation also occurs at
other sites in the body including the eyes, lungs, and heart. The most commen co
morbidity of RA is cardiovascular disease. Approximad@86 of RA patients die from
cardiovascular disease of which include hypertension, atherosclerosis and myocardial
infarction (Dhawan and Quyyumi 20Q8Key features of CV&ssociated RA are due to
immune dysregulation and inflammation. Inflammation leadv#&sculitis and may lead to
the formation of atherosclerotic plaques in the blood vessels. Similar to joint pathology,
cytokines play a role in fuelling vascular inflammation and"TINE6 and IE17 have been

associated with vascular inflammation.
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1.2 Cardiovascular System

The cardiovascular system is comprised of the heart and blood vessels. The function of
blood vessels is to carry nutrierich blood away from the heart to tissue and teturn
nutrient depleted blood back to the lungs for gas exchange. Blood vessels are complex
structures with many layers. The tunica intima is the innermost layer of arteries and is
comprised of single layer of endothelial cells, called the endotheliunghyrovide a semi
permeable barrier, inhibitinghe passage of harmful chemicals while allowing for the
passage of required molecules such as oxygen and nutrients between blood and tissues.
The tunica media is a dense population of vascular smooth maséikethat support the
vessels mechanical function by constriction and relaxation of the vessel. The tunica
externa, also known as the adventitia, is an external layer and is comprised of elastic lamina

that is rich in collagenous extracellular matrix (E@hlecules.
1.2.1Vascular Function and Dysfunction

The network of blood vessels, also known as the vascular system, is used as a transport
system for nutrients, red blood cells, immune cells and cytokines ardbedbody to
maintain homeostatic mechanisms such as regulation of blood pressure. The endothelium
plays a vital role in maintaining these mechanisms by release of vasoactive substances such
as nitric oxide, bradykinin and histamine. The endothelium hasbdentified in having

roles in platelet and leukocyte interaction, by allowing the passage of white blood cells to
sites of tissue damage for repdilourshargh and Alon 2014jo allow for this to occur,
endothelial cells become activated and can rapidly produce and express cell surface
receptors such as-gelectin that allow for the adhesion of leukocytes to the endothelium
and for the subsequent migration of leukocytes thghuthe junctions in the endothelium

to surrounding tissueglLey et al. 2007)While rapid induction of the endothelium is
generally in response to inflammatory stimuli such as histamine and platelet activation
factor, additionally endothelium activation can occur more slowly in response to cytokines

such as HIi and TNF.

The endothelium also plays a role in the regulation of vascular tone and releases
vasodilatory €.g., prostacyclin and nitric oxide) and vasoconstriction substaneeg.,(
serotonin, endothelinangiotensin lIYRajendran et al. 2013As blood passes through the
vessel, frictional force is exerted on the enkdelium which is termed as shear stress. The
level of shear stress is dependent on the flow rate and viscosity of blood and plays a role in

regulation of vessel diameter and therefore blood flow. Molecules on the surface of the
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endothelium such as plateletndothelial cell adhesion moleculle(PECAM) and vascular
endothelial growth factor Il (VEGFRII) sense the rate of blood flow and release molecules to
induce vasodilatory or vasoconstriction effects. For exampie endothelium senses
increased frictioal force and shear stressd so can lead to the production of NO in the

artery wall, resulting in vasodilatidiNyberg et al. 2015)

Vascular dysfunction, also known alethelial dysfunctionis characterised by a switch in

the silent phenotype of the endothelium to a $indefence respons@eanfield et al. 2007)

CKAA GagAlOKE Ay@2t@dSa (KS &gSKNEBNd inQdased O A £ |
contractile mediators. This leads to an imbalance in contraction and relaxatgsulting in

shear stress, the production of superoxides, and damage to vessel(itatls et al. 2005)

Vascular dysfunction is a feature of many cardiovascular diseases such as atherosclerosis,
hypertension and coronary artery disea3dne production of superoxides and free radicals

can drastically change the environment of the endothelium and beydndhealthy

conditions, the endothelium does not allow for the passage of macromolecelgsl(DL)

into the media layer, externa layer tissue. However,he heightenedevelsof superoxides

NBadzAZ G6a Ay | atSlF1eé SyR2GKStAdzyx GKIG 06502
immune cells.The passage of immune cells across the endothelium can lead to the
formation of atherosclerotic plagesq resulting in arterial stiffness, narrowing of the blood

vessel lumenhypertensionand ultimately myocardial infarctiofollowing plaque rupture

Vascular dysfunction is a feature of RA and can occur both in large arteries and the

microvasculature.
1.2.2Vascular Dysfunction in RA

Vascular dysfunction in Ri& evidenced by heightened levels of von Willebrand factor
(vWf), soluble Belectinand intracellularcell adhesion moleculd (sICAML) (Blann et al.
1995) The risk factors for the development of vascular dysfunction in RA is the same as
those for the development of RA itself. The combination of genetic factors (presence of
certain HLADRB1 HBeles) immune dysregulation (by the presence of rheumatoid factor
and citrullinated proteiny inflammation (production of proinflammatory cytokines 1L,

TNF, IL-6); presence of cexisting comorbidities such as hypertension or diabetes; and
age or s& may lead to the induction of vascular dysfunctidascular dysfunctiofeads to
stiffening of large arterigresulting in increased pulse pressure to the microvasculature,
damaging microvasculature capillary beds and initiating damage to ofg@meeansof

dysregulated passage of metabolites, leukocytes and oxtrgesport in and out of tissue.
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For example, damage to the microvasculature in organs can result in hypoperfusion of
oxygen to tissues, increasing the risk of ischemic dan{Bgedy et al 2018) Vascular
dysfunction occurs in early RAN a study byFosteret al, patients were classified as early
RA when having symptoms for minimum of 1 month, and a median duration of symptoms
was 2 monthqFoster et al. 2012)Patients with RA had increased number of circulating
endothelial cells (indicatg endothelial sheddingvhich is suggestive of disease and
increased risk of leukocyte adhesion and thrombd@&eorgiadou and Cunnington 20}9)
when compared to healthy controls. Methods of measuring endothelial dysfunation
patients include coronary flow reserve (CFR), finger plethysmography or laser Doppler
flowmetry in the skin. Vascular dysfurari has been noted in RA, as measured by CFR
(Ciftci et al. 2008)but CFR is consideredh anvasive technique and therefore is not
routinely used in clinical practiceAn overview of types of cardiovascular diseases

associated to each type offlammatory arthritis is outlined iffable 1.1
1.3Animal Models of RA

As measurements of vascular dysfunction in the clarie invasive andtherefore not
typically adopted, mechanisms underlying how vascular dysfundéwelos and leads to
CVD camorbiditiesin RAis poorly understood. Animal models have been used to study
human diseases for a long time. There are many different animal models arhim#tory
arthritis including collageantibody induced arthritis, zymosan induced arthritsd
antigen induced arthritis. The most common model used for studying the systemic effects
of inflammatory arthritis $ the collagen induced arthritis mouse modé&lA). @\ exhibits
many similarities to human R&both are polyarticular, have similar circulating markers
(e.g., ACPAs and antype Il collagen antibodies) and similar joint pathology, as
characterised by immune cell infiltration and pannus formatifile CIA was first shown

in rats, DBA/1 mice have become the most common choice for the model as they possess
the MHC Clag¢! haplotype, making them susceptible towards the development of THA.

H-29 haplotype give rise to a stronger autoantibody rpense to type Il collagen when
compared to norHZ carriers (Holmdahl et al. 1986)Macroscopic arthritis typically
presentsDay 21¢ 25 after immunisation o€hickencollagen in complete Freunds adjuvant
(CFA) and peaks d@ay 30- 35 (Brand et al. 2007; Jones et al. 2018)A has been
performed in C57B6 mice, however CIA in these mice was milder, as determined by
measurement of paw diamete(inglis et al. 2007and so the use of DBA/1 mice is
recommended.CIA is associated with B and T cell responses by the production ef anti

collagen type Il antibodies and collaggpecific T cells. CIA was chosen as éimimal
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model of inflammatory arthritis inChapter 3 of this Thesis as it exerts a systemic
inflammatory effect and can be used to studyrmorbidities(Asquith et al. 2009V ascular
inflammation is a feature of CIA. In a study by Destyal, mice with CIAhad heightened

levels of VCAM, and when run in conjunction with a high fat diet, inflammation in vessels
was observedDenys et al. 2016fFurthermore, a study by Tozzatbal show the presence

of vascular dysfunction in DBA/1 mice with CIA by enhanced iNOS expression in the aorta,
heart, kidneys and blood, suggesting a decrease in nitric oxide bioavailédltpa Zochio
Tozzato et al. 2016)In this Thesis, ascuar dysfunction is measuredn CIA by
determination of constriction response of aortic rings to vasoconstrictor serotonin (5HT).
Mice with CIA have shown to have significantly decreased constriction responses to 5HT
when compared to healthy agmatched cotrol mice (Reynolds et al. 2012; Sime et al.

2017) The defetive responsesirediscussed in detail i@hapter 3of thisThesis.

As discussed above, other animal models of inflammatory arthritis can be used to study
various aspects of disease. Zymosaduced arthritis involves theadministration of
polysaccharide zymosan inteaticularly to the knee joint. Zymosan binds to TLR2 in
macrophags, induces the production of prinflammatory cytokines and activates the
complement pathway. These mechanisms result in an inflammatory tsthviith
mononuclear cell infiltration in the affected kagoint. However, this model is restricted to
one articular joint and peak of disease occur®ay 3 and subsides &ay 7, giving a small
window of opportunity to study pathologyKeystone et al. 1977)The antigen induced
arthritis (AIA) modelalso use an intraarticular injection of methylated BSA in CFA, but
these mice are also primed with an antigen in the weeks prior to arthritis onsktisAlsed

to study adaptivemediated articular disease. AlA is typically used on C67Bice and
giventhat C5BI 6 mice can be genetically modified, knockout models can be used to study
the role of varying cytokines and receptors in the pathogenesis of adaptive mediated joint
pathology (Jones et al. 2018)ascular dysfunctiomiAlA has not been reported in the
literature and is investigated iG@hapter 5of this Thesis. An overview of animal models of

inflammatory arthritis is shown ifiable 12.



Inflammatory disease

Osteoarthritis

Osteoarthritis

Ankylosing spondylitis

Psoriatic arthritis

Rheumatoid arthritis

Rheumatoid arthritis

Associated CVD

Ischaemic heart disease

Congestive heart failure

Myocardial infarction

Myocardial infarction

Left ventricular heart diseas

Atherosclerosis

Chapter 1

Treatment Reference
Joint replacemensurgery non-steroidal (Rahman et al. 2013; Wang et al
anti-inflammatories (NSAIDs), blaing-term 2016)

use of NSAIDs increase the risk of CV eve

Joint replacemensurgery non-steroidal (Rahman et al. 2013)
anti-inflammatories (NSAID)ut long-term
use of NSAIDs increase the risk of CV eve

Joint replacemensurgery non-steroidal (Bengtsson et al. 2017)
anti-inflammatories (NSAIDs), blaing-term
use of NSAIDs increase the risk of CV eve

Etanercept reduces CVD risk via reducin (Lauper et al. 2018)
overall inflammation.

Etanercept reduces CVD risk via reducin (Midtbg et al. 2014)
overall inflammation.

Etanercept reduces CVD risk via reducin (Evans et al. 2011)
overall inflammation.

Tablel.1: Typesof cardiovascular disease associatedeach form ofinflammatory arthritis and effect of arthritis treatment on each CVD.



Name of model

Collagen induced
arthritis

Adjuvant induced
arthritis

Antigen induced arthritis

Streptococcal cell wall

induced arthritis

Zymosan induced
arthritis

Collagen antibody
induced arthritis

K/Bxn

lllra’- transgenic mice

Species/Strain

DBA/1 mice

Lewis/Sprague
Dawley Rat

C57Bl6 mice

Lewis Rat

C57Bl6 mice

DBA/1mice,
BALB/c mice

K/Bxn mice

BALB/c

Description

Immunisation with type Il collagen leads to actilagen antibody response and systemic inflammatior

Rats immunised with completBreunds adjuvant results in destruction of cartilage and bone in d
joints.

Intraperitoneal injection of pertussis toxin and subcutaneous administration of mBSA, followed by
articular injection of the same antigen leading to arthritis in goét characterised by synovitis
leukocyte infiltration and bone erosion.

Initial immunisation peptidoglycapolysaccharide polymer results macrophages and B cell respon
whereas subsequent immunisations result in T cell responses.

Intra-articular immunisation of polygcharide zymosan induces activation of macrophages via °
resulting in mononuclear cell infiltration and synovial hypertrophy.

Administration of serum from an immunised mouse to a naive mouse results in the developms
arthritogenic antibody cocktails against the antibodies delivered. This leads to macrophage resg
but not B or T cell responses, makingstmodel useful for studying separate roles of innate and adap
immunity in arthritis.

Transgenic mice expressing T cell receptor KRN and MHC cleidsalplétype develop severe arthriti:
and serum transfer from K/BxN mice to naive mice induces arthritis.

Spontaneous development of arthritis that has synovial and periarticular inflammation as a feature.

Table 12: An overview of animamodels of human RA
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Reference

(Brand et al. 2007)

(Whiteley and
Dalrymple 2001)

(Jones et al. 2018)

(Bevaart et al. 2010)

(Keystone et al.
1977)

(Asquith et al. 2009)

(Monach et al.
2008)

(Choudhary et al.
2018)
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1.4 Galectis8

Galectin3 is a 30kDa-galactoside bindingrotein that is widely expressed in various cell
types including macrophageq, cells,fibroblasts, epithelial cells, gastric mucosa and
osteoclasts(Dumic et al. 2006)The expression and localisation of gale&ims highly
context dependent. Galectii has a carbohydrate recognition domain (CRD) with a C and N
terminal, both of which play a role in aidingatgctin3 to bind to targets. The C and N
terminals aid galect#® binding and activation in both intracellular and extracellular
environments. Galect#3 is predominantly synthesized on ribosomes in the cytoplasm, but
may be found in the nuclear compartmie on the cell surface or in the extracellular
environment. Cytosolic galectid has roles in cell proliferation, differentiation, anti
apoptosis and connective tissue growth and developnm(&atwlis et al. 1995; Boileau et al.
2008) Galectir3 is highly expressed in the mitochondria and haswan to prevent
cytochrome c release and prevent oxidative stress via syn@inet al. 2002)Nuclea
galectin3 is mainly localised in the interchromatin space and can function in acting as a
precursor mRNA splicing factor and as a regulation of Weatenin signalling in
embryogenesis and tissue regeneratidiang et al. 2013)All galectin3 binding occts via

its N terminal or CRD. While the mechanism underlying gal8ctiativation intracellularly
KIayQid &Sd oSSy FdAZte& StdzOARFGSRE Al KIF &
(Menon et al. 2011)ids the shuttling of the protein from the nucleus to cytoplasm

whereas translocation from the cytoplasm to the mitochondria is mediated by synexin.

Galectino Qa S E L] NIi T NP Y-clasicsl seGr&dryf medhanisn@dnd doés nof 2 v
require the ER/golgi complefHughes 1999)Following secretion, extracellular galeein
binds to glycan ligands on the cell surfaan the extracellular matri¢e.g.,growth factor
receptors, cadherins anidtegrins).While intracellular galecti® has antiapoptotic effecs,
extracellular galecti#8 can induce apoptosis of T cells, highlighting that gale&ttioles are
highly context dependent on localisation and type of cek involved with(Rabinovich et
al. 2007) Enhanced extracellular galectn expression has been linked with fibrosis,
tumour development and atheroscleroqigu et al. 2013)EXxtracellular galecti elicits its
actions by ndergoing oligomerisationThis binding results in a conformational change in
galectin3, and galectif8 undergoes oligomesation, therefore increasinghe number of
carbohydrate recognition domaire the protein This digomerisation acts as a supporof
signalling receptors on the cell surfa@igenderson and Sethi 2009)Vhile galectir3 has
many ligands, as outlined ifalde 1.3, there is still unclear mechanisms as to how galectin

3 elicits its effects.
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1.4.1Expression anflinction of galectir8 in cells and tissues

Galectin3 is expressed in mouse lung, spleeolon, uterus and ovary but its expression is
low in mouse heart, pancreas and cerebr(fim et al. 2007)While galecti is expressed

in specific tissues, it is alsexpressedin monocytes, macrophage dendritic cells,
neutrophils and activated T and B cells and is considered as a regulator of host immune
response(Breuilh et al. 2007)Galectin3 acts as a chemoattractant in monocytes and
macrophages in a concentration dependent man®ano et al. 200); as an adhesion
molecule for neutrophil extravasatiofSato et al. 2002)and it has functions in the
regulation of growth and apoptosis of T cdN&ang et al. 1996)salectin3d is constitutively
expressed in regulatory and memory T cells, but is only egprkin activated CD4nd

CD8 T cells(Hsu et al. 2009)Galecin-3 has similar sequence to Bl a suppressor of
apoptosis and when located in the cytoplasm can significantly decrease cell apoptosis.
Therefore, cancers that are cytoplasmic gale®ipositive are generally more aggressive
than nuclear galecti#3 postive cancergCalifice et al. 2004However, galectif8 has been
linked with survival of B cells and is essential in supporting the effects4dobiLB cell

differentiation and lineag€AcostaRodriguez et al. 2004)

11



Receptor

CD32

CD29, CD7

CD11b

Bcl2

CD95

Synexin

I -catenin

CD45, CD71
CD98

TREM2

LAG3

Cdl type the receptor is present on

PBMCs

T cell lines (Jurkat, CEM, MGYT

Macrophage

T cell line (Jurkat)

T cell line CEM, Jurkat)

BT459 cell line

Galectin3 in nucleus

T celllines (Jurkat, MOLT4, CEM)
BMDMs wild type mice

Microglia

Murine CD8 T cells

Tablel.3: Binding partners for galein-3.
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Function associated with ligand binding Reference

Negative regulator of b transcription resulting in decreased/inhibition3Lgene (Cortegano et al. 2000)
transcription.
Apoptosis- induction of cytochrome c release resulting in caspaaetB®ation. (Fukumori et al. 2003)

Cell adhesion. (Dong and Colin Hughes

1997)
Apoptosis. (Yang et al. 1996)

Apoptosisg galectin3 interacts with CD95 on the cell surface to determine if Cl (Fukumori et al. 2004)
initiates type | or type Il apoptotic signalling.

Regulation of apoptosiss synexin mediatestranslocation of galect#3 to (Yu et al. 2002)
perinuclear mitochondrial membrane to protect from apoptosis.

Galectin3 colocalizes withi -catenin in the nucleus and induces transcriptior (Shimura et al. 2004)
activity of Tcf4 to result in overall regulatiaf Wnt/i -catenin signalling.
Apoptosis. (Stillman et al. 2006)
Alternative macrophage activation. (MacKinnon et al. 2008)

Microglia activation from galectiB’- 5XxFAD mice reduces Alzheimer's disei (BozaSerrano et al. 2019)
pathology.

Binding of galecti¥8 to LAG3 on CD8 T cells results in suppression of @eB (Kouo et al. 2015)
effector function and poorer outcome in tumour environments.

12
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1.4.2 Role ofgectin3 ininflammatory disease

As galectir3 is so abundantly expressed, it hasen shown to play a role in influencing
various biological processdSalectin3 has been heavily implicated in inflammation, organ
fibrosis, cancer and autonmune disease.Galectin3 was shown to activate pro
inflammatory gene signatures via the -N8 compéx (Weinmann et al. 2016)it is
expressed in macrophages and foam cells and its expression levels are heightened in
atherosclerotic plaques. GalectBalso promotes tumour cell proliferation and therefore
may influence oncogenesis and metastaslswever,the role of galectif3 in cancer has
beenshown to be specific for the type of cancer and can have positive or negative effects
(Sciacchitano et al. 2018Nuclear galecti3 expression is decreased while cytoplasmic
galectin3 is increased in colon cancers; and levels of cytoplasmic gakdiffiered in
patients with squamous cell lung carcinomas and lung adenocarcingiassen et al.
2015) The function of galecti3 in these contexts remains to be eluciddteHowever,
galectin3 is known as a regulator of tissue fibrogenesis and is how a prognostic biomarker
of alkcause mortality in kidney fibrosigle Boer et al. 2012)Galectin3 is expressed in
human cartilage and chondrocytes of patients with osteoarthritis and exposure of
chondrocytes to galecti3 led to further expression of disease markers such s |LTNF,
MMP-1 and 3.

1.4.3Galectin3in RAand CVD

Galectin3 is increased in human synovial membraagsl synovial fibroblasts arthritic

joints and is correlatedat CRP and 4& serum levels in RA patien{Eiler et al. 2009)
Galectin3 is also increased in the serum otipats with RA(Issa €al. 2015) Furthermore,
elevated d@rculating galectii3 isfound in the serum of mice with Clfde Oliveira et al.
2015) which strengthens the use of CIA as an appropriate model of systemic inflammatory
arthritis to investigate galecti8 biology Individual susceptibility to R may be in part due

to the presence of the LGALS3 +292C gal&ctiene allele, as this polymorphism is more
common in RA patents than healthy contrdldu et al. 2011)Fibroblastike synoviocytes
(FLS) are present in RA and produce-ipfammatory cytokines and chemokines to
promote pathology in the joint and are considered as key drivers in joint destruction.
Galectin3 is highly expressed the FLS taken from RA patients. The FLS adhere to cartilage
and induce the expression of galec8nFurthermore, galect#® can induce FLS to produce
and secrete pranflammatory cytokines such as-6Land GMCSHNeidhart et al. 2005)

Galectin3 isalsoheightened in many forms of cardiovascular dise@sg. atrial fibrillation,
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hypertension) and it has been suggested that galeelinmay serve as a prognostic
biomarker of mortality(Dong et al. 2018)Galectinr3 is known to contribute to cardiac
fibrosis by increasing the avidity of cell adhesion molecules and inhibiting apoptosis
(Ochieng et al. 2002)t is unknown if the increased risk of CVD observed in RA is due to a
direct effect of galetin-3. Regardlessinhibition of galectir3 is an attractive therapeutic
target in RA associated cardiovascular diseasdt plays roles in both joint pathogenesis

and cardiovascular disease
1.4.4Galectin3 in clinical trials

Targeting galecti3 for therapeutic benefit has been investigatectlinical trials. Modified
citrus pectinl (MCP1) is a pectin commonly found in the peel of fruits that has been
considered as a potential ardixidant and antinflammatory. MCPL was thought to bind
and inhibit the functions of extracellular galecBn This has been shown in mouse models
of atherosclerosis whereby treatment of M@P inhibited galectif3 and reduced
atherosclerotic lesion size by inhibition of leuite adhesion to endothelial cellsu et al.
2017) Treatment of MCR also reduced galectid expression and disease severity in a
mouse model of acute kidney injufiKolats-Joannou et al. 2011However, recent studies
have found that MCR does not bind the CRD of galee8irand has failed to show galectin

3 inhibition (Stegmayr et al. 2016)urthermore, while there is no current clinical trials
investigating the modulation of galect® expression by MCGP in rheumatoid arthritis, a
trial investigating galectd® inhibition in osteoarthritis by treatment with MGP was
conducted from 2016 2018. In the trial, OA patients received either 4 grams NMGP
placebo twice daily for 12 weeks. Circulating gale8tievels were quantified at baseline
and at 12 weeks by ELISA, and disease activity was measured by \W&@8&\SH6 and
RAPID3 surveyat baseline and at 12 weeks. The Phase Il trial of inhibition of gaBebtin
MCRL1 in osteoarthritis showed no change in galeQinevels or OA disease severity in
MCR1 versus placebo treated grougdndrews et al. 2020)This further highlights the
need for specific galecti# inhibitors for treatment of arthritis and associated -co

morbidities.

Other clinical tials involving galect# inhibition to treat endometriosis, hypertension and
idiopathic pulmonary fibrosis (IP&je currently ongoing. Clinical trials evaluating the use of
galectin3 as a prognostic biomarker in thyroid cancer is currently progreskiogever,
there are no trials underway for the treatment of rheumatoid arthritis or rheumatoid

arthritis associated CVD. As describedSiection 1.3 animal models of inflammatory
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arthritis are invaluable in understanding the pathology and investigatingmial new

therapies for the treatment of these disease.
1.4.5Galectin3 inhibition in animal models

The role of galecti3 has been investigated in experimental models of arthritis. A study by
Hafsia, 2014 shoed that galectin3 had a protective role in murine osteoarthritis (OA). OA
was induced by partial medial meniscectomy in vi§ide and galecti¥8 mutant mice in 1
knee joint. Galecti¥8 deficient mice had more severe OA than wtigbe mice (Hafsia
2014) The role of galecti3 in joint inflammation haalsobeen studied. Administration of
galectin3 intra-articularly to the knee joints of 129c/c mice induced joint swelling, altered
the structure and cellukdty of cartilage and subchondral bone underwent remodelling
when compared to control§JanelleMontcalm et al. 2007)The role of galecti3 has also
been studied in an equine model ofteoarthritis. Horses were induced with osteoarthritis
via carpal fragmentation and synovial fluid was collected. Disease controls of naturally
occurring carpal osteoarthritis were usd@Reesink et al. 2018)The concentration of
galectin3 in synovial fluid was present in healthy and OA synovial fluid but is significantly
increasedn the experimental OA groufReesink et al. 2018Yo my knowledge there are

no papers exploring the effect of specific inhibition of gale@im OA, however the data
discussed above highlights pharmacological modulation of gal8ciim an attractive

therapeutic target of OA.

There has been no clinical tridts/estigating galecti3 inhibition in rheumatoid arthritis.
However, there are studies investigating the role of gale8tin animal models of RA. In a
study by Shouwet al the blood from rats with collagen induced arthritis was analysed for
reliable bianarkers of disease progression. The study showed that gal@dtirsecreted in

the plasma and synoviocytes of CIA rats, indicating not only that gal&dsna valid
biomarker in inflammatory arthritis but also may promote the development of
inflammationin arthritis (Shou et al. 2006)Furthermore, the loss of galectdby genetic
knockdown in antigen induced arthritis showed alleviated joint pathology. This was
exhibited by significantly decreased synovial inflammation and immune d#fiaition
when compared to wildype controls. Additionally, radministration of recombinant
galectin3 had restored inflammation as shown by increased synovitis similar to that of
wild-type mice with AIA. Furthermore, there was decreased circulatind' EME 11-6 in
galectin3 knockout [gals3-) mice compared to controls. Following the-administration

of galectin3 to Lgals3- mice, TNF and IL-6 levels were restored to levels comparable to
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wild-type mice. There was no difference in {Rdtoduction in lymph node supernatants
betweenlLgals3- and wildtype (WT) mice, but there was a trend towards decreaset?IL
production inLgals3" mice, indicating that Th1 mediated responses are not involved in
galectin3 signalling, but Thl7 respas are (Forsman et al. 2011)The relationship
between galectif3 and Th17 cell responses is investigate@apter 4of this Thesis. The
studies discussed here show a clear rationale for investigating inhibition of gadeatin
inflammatory arthritis. While there has been studies investigating the role of gal@dtin
inflammatory arthritis, via the use of geneticallyodified mice, to my knowledge there is

no studies focussing on pharmacological inhibition of galetin inflammatory arthritis.

Pharmacological inhibition of galecttin models of CVD have shown alleviated myocardial
inflammationand cardiac remodelling, reduced collagen production and improved cardiac
function (Zhong et al. 2009 Animal models have aided in evaluating the effects of galectin
3 inhibition in CVDs. In a rat model of hypertension, gale®timas expressed 5 times
higher in the heart of experimental rats compared to controls and administration of
galectin3 to peicardial sacs led to increased collagen I/l ratio resulting in cardiac
remodelling(Sharma Umesh et al. 2004)nduction of cardiac remodelling via angiotensin Il
infusion inLgals3- mice and wiletype mice showed no cardiac fibrosis in thgals3- mice.
Pharmacological inhibition of galectt in wild type mice by treatment with Jscetyl-
lactosamine (N.ac) showed reduced left ventricular dysfunction and fibrosis when
compared to untreated wildype mice. The untreated wild type mice exhibited left
ventricular hypertrophy, fibrosis and remodelling. This indicated that gal&citays a
direct role, but is not fully responsible for the mechanisms underlying cardiac remodelling
(Yu et al. 2013)The effect of galecti3 on vascular dysfunction was investigated byedu

al. The relationship between galect®h and the LOX receptor on endothelial cells was
studied. LOX is a receptor for oxidized LDL (oxLDL) and contributes to endothelial
dysfunction. When HUVEC cells were treated with gale:timd oxLDL led QGet al found

that the expression of the LGXreceptor was enhanced, ROS production was increased
and the p38 subunit of the NfB complex was subsequently induced. Gale8timay
therefore promote vascular dysfunction via LOROS/NF B signalling mechanisf®u et

al. 2019) Given these studies, galectiis considered an attractive therapeutic target for

the treatment of RA associateds@ular dysfunction leading to CVDs.
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1.5 The immune system

The immune system is a complex set of structures that function in protecting the body
from invading pathogens and microbes. Broadly, ithenune system is comprised of cells
(leukocytes), cytokines, chemokines, antibodies, and organs (thymus, spleen, lymphatic
system and the bone marrow). These components work together to produce and store
leukocytes, mark foreign pathogens to the body d@struction, and the inactivation and
destruction of those pathogens. Blood cells are comprised of granulocytes (
neutrophils), monocytes and lymphocytes such as T and B cells. The response of the
immune system can be divided in two: the initial innate response and the later adaptive

response.
1.5.1The innate immune system

The innate immune system is the first line of defence in the body and the main aim of these
responses to inhibit the spread of foreign pathogens in the body. The innate immune
system is comprised of physical barriers (tight epithelial junctions in theaskirmucous
membranes to inhibit entry to the body), phagocytic white blood cells such as monocytes,
macrophages and neutrophils, inflammatemglated proteins such as complement proteins
and creactive protein, cytokines that are released to aid in cleaeanf pathogens and
receptors €.g., toll-like receptors, TLRs) that sense invaders and signal to mount an
immune response. Cellular defences include the migration of neutrophils to a site of
infection or inflammation and initiate the phagocytosis cascégelysis. Macrophages
phagocytose pathogens and cellular debris, stimulate the producting secretion of
cytokines and aid in tissue repair by production of collagen and matrix metalloproteinases
(MMPs). Macrophages possess the ability to polarise tosetsh depending on the
inflammatory context of the situation. M1 macrophages typically exhibitipflammatory
effects and function in enhancing the ability of the cell to kill microbial pathogens while M2
macrophages exhibit aninflammatory effects andunction in tissue repair. However it is
now recognised that both subsets can interchange and change their phenotype when the

microenvironment change@ristizabal B 2013)
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Galectin3

inhibitor

MCR1

MCR1

GM-CT01

GCsl100

GRMD-02

GRMD-02

GBO139

GB1211

GB2064

Specificity to

galectin-3

No

No

No

No

No

No

Yes

Yes

Yes

Other targets
Galectinl,
galectin9

Galectinl ,
galectin9

Galectinl

Galectinl

Galectinl

Galectinl

Poor affinity for
galectinl

Poor affinity for
galectinl

Poor affinity for
galectinl

Tablel.4: Galectin3 inhibitors in clinical trials

Disease indication

Hypertension

Osteoarthritis

Metastatic melanoma

Chronic kidney

disease

Metastatic melanoma

Portal hypertension

Idiopathic pulmonary
fibrosis

NASH

Myelofibrosis

Route of

administration

Oral

Oral

Intravenous infusion

Intravenous infusion

Intravenous infusion

Intravenous infusion

Inhaled

Oral

Oral

18

Stage/Outcome
in clinical trial

No efficacy
observed.

Phase Ill showec

no efficacy.

Terminated
during Phase II.

Terminated at
phase Il

Phase | ongoing.

No efficacy
observed at
Phase II.

Yesc Phase llb

Yesc Phase |
passed

Yesc Phase lla

Chapter 1

Reference
Clinical trial reference number
NCT01960946.

(Andrews et al. 2020)Clinical trial
reference number NCT02800629.

(Klyosov et al. 2012Flinical trial
reference number NCT0172381

(Drechsler et al. 2015 linical trials
reference number NCT01843790.

Clinical trials reference number
NCT0211362.

(Chalasani et al. 2020QFlinical trial
reference number NCT02462967.
Clinical trial reference number

NCT03832946.

Clinical trial reference number
NCT03809052.

Clinical trial reference number
NCT04679870.
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15.2 The adaptive immune system

The adaptive immune response takes longer to establish than the innate responses but is
more specific and provides immunological memory to give long term protection against
pathogens. It is activated to eliminate pathogens that evade the innate immunemssp.

The mechanisms of adaptive responses are mediated by 2 elengectdl mediated
immunity, conducted by T cells against intracellular pathogens, and humoral immunity
which is elicited by B cells against extracellular pathogens and t¢Smgder 2017)
Macrophages possess pattern recognition receptors (PRRs) which contribute towards the
phagocytosis of pathogens, but macrophages dlgsaction as antigen presenting cells
(APCs) for T cell recognition and stimulus for activation. During antigen presentation,
molecules called major histocompatibility complexes (MHC) present fragments of the
antigen for recognition by T cells. MHC molesuban be divided into two classes. MHC

/ fFr&aa L LINBaSyda yGdgAaA3aSya GKFEG 2NRIAAYFGS TN
to the cell surface on MHC Class | molecules for destruction byag&xic T cells. MHC

Class Il are expressed in macraphs and dendritic cells lead to CDBhelper cell
activation and the subsequent downstream activation of effector subtypes. Both B and T
cells possess the unique ability to develop receptors to recognise and eliminate specific
antigens that are harmfulcat the body, without creating antibodies against harmless
antigens or against the body itself. The B cell receptor (BCR) is formed by 2 heavy chain and
2 light chain molecules. The T cell receptor (TCR) is formed by a heterodimer of alpha and
beta polypeptile. TCRs differ from BCRs by their ability to recognise amino acids on MHC

class molecules.
1.5.3 Tcell activation

T cellsare cells of the adaptive immune system and are grouped based on the receptor
they expres on their surface CD8 cytotoxic T ce]lEoxp3 regulatory T cells and CD4 T
helper cells. CD8 cytotoxic T cells (Tc cells), as the name suddkstsells that are
infected with pathogens Regulatory T cells (Tregs) faider the umbrella of CD4-Helper

cells but have a distinct function in protecting the immune system from over activation and
stopping immune responses when no longer required to avoid unnecessary damage to cells
and tissuesThey mediate their effectthrough various mechanisms inding the release

of inhibitory cytokines such as-10 and TGF cytolysisand inhibition of dendritic cell
maturation and functionVignali et al. 2008)CD4 Thelper (Th) cells recognise the peptide

on MHCmolecules on APCs and subsequently become activated. When activated, they
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produce cytokines to signal to the rest of the immune system to remove the pathogen. CD4
Th cells can be further divided into groups dependent on the cytokines produced and
effector functions of those cells. They can be classed as Thl, Th2, Th9, Thiibbkicdlar

(Tfh). Each type of cell, the major cytokines they produce, and their function can be found
in Table 15.

These cells play a vital role in adaptive immunity by not only activating B cells and cytotoxic
T cells, but also by releasing their own cytokines to regulate the immune response. Th cells
require a 2hit signal to activate. The first signal is from a fgreantigen on antigen
presenting cells and the second signal is provided bgtiooulatory molecules which
become recognized by CD28 on the T cell surfaesulting in enhanced TCR signal and
decreased threshold for Th cell activation. The third keyadifpr sustained T cell activation

is from cytokines produced by APCs. T cells require all three signals to activate and will
undergo apoptosis or senescence if those signals are not recéhieerts B 2002; Wherry

and Masopust 2016)
1.5.4The role of T cells in autoimmune diseases

While allimmune cells are present to protect the body from infection and harmful toxins,
autoimmunity may arise which causes dysregulation of immune cell activation. T cells are
especially involved in the pathogenesis of several autoimmune diseaseh as diabeis,

RA and atherosclerosisc YR G KS& O W56 DO2A VS ¢ ®a8KBy- ¢ OSf f
reactive their production of prénflammatory cytokines contribute to inflammation which

signal towards the activation of auteactive B cells. Autceactive B cedl then produce
auto-antibodies (antibodies directed against the own immune system) which can further
contribute to tissue inflammation. -fielper cells can also expand and proliferate into
variouseffector subtypes which vary in their contribution to inflamation depending on

the cytokines they produc@lager and Kuchroo 2010)

In RA, T cells ticate macrophages and fibroblasts at sites of inflammation, which result in
macrophages becoming tissue destructive cells by differentiation to osteoclasts and the
release of pranflammatory cytokines and chemokines. Thl cells produce #fid TNF

which signal to macrophages and can act as APCs to present MHC Class Il molecules to
other T cells. Th2 cells secretedlland IL5 which act as aninflammatory cytokines.
However, Th2 cells also play a role in the immune system by contributing to B cell
activation during parasitic infectiomnd promote the switching of 1gG antibodies to IgE

antibodies (SchulzeKoops and Kalden 2001JTh17 cells secrete-ll7 which can &cas
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further stimulation to produce other prinflammatory cytokines and MMPs. Th17 cells
have been noted as key players in the pathogenesis of RA and sefuhieiels positively
correlate with CRP levels, erythrocyte sedimentation rate (ESR) and diaetgty by
DAS28 in RA patients-1IZ can also increase the production of vascular endothelial growth
factor (VEGF), &, MMP1 and MMP3 in RA fibroblasts. Th9 cells also positively correlate
with DAS28 score and ESR of RA patients. Furthermore, T®wlence the survival of
neutrophils and contributed to Th17 cell differentiation by induction of R@fnscription
factor (Yap et al. 2018)L-17 further contributes to inflammation by recruiting neutrophils

to sites of inflammation resulting in further perpetuation of the innate immune response
(Tesmer et al. 2008)

Abnormal Thelper cell polarisation has been identified in vascular disga¥ascular
inflammation oftenco-existswith autoimmuneand chronicinflammatory diseases, and a
subset of CD4 T cells have been identified in contributing to autoimmune disease, called
effector memory T(TEM)cells. TEM cells contribute to tissue injury by release of pro
inflammatory cytokines, which in turn results in the recruitment of macrophages,
neutrophils, T and B cells to the site of inflammation. T cells can also contribute to vascular
inflammation bypromoting the development of hypertension. This has been shown in mice
subjected to daily stress had increased blood pressure, but also increased activation of
circulating T cells and increased infiltration of T cells to the vascul@aevar et al. 2012)

T cels are involved in atherosclerosis and approximately 10% of all leukocytes expressed in
atherosclerotic plaques are CD4 T cgllsnasson et al. 1986\therosclerosis igeported as

a Thl mediated disease, as evidenced by the recruitment of vascular smooth muscle cells
by IFN to sites of inflammation, and the activation of macrophages and dendritic cells by
IFN . Furthermore, in micelfn' -, Ifn r’- or transcription fator Thx2¥- mice shown to be
protected from the development of atherosclerosigVolf and Ley 2019)This is
recapitulated in human atherosclerotic plaques whereby plagisetated from patients

have a strong IFNpresence and lack of-isecreting cell§Frostegard et al. 1999)n a

study by Hartet al mouse CD4 T cells were found to be present and activated in the
vascular smooth muscle cells and wesguired to induce vasculitic lesior{Baiu et al.
2010) The role of various Th cell subsets and effector functions vary between disease and
stage of disease. ANCA associated v#scI(BAV) is a condition whereby blood vessels
become inflamed caused by the generation of amutrophilic cytoplasmic

autoantibodies.
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Type of Th cell Function Master transcription
factor
Thl Promote immuneesponses against intracellular T-bet
bacteria and enhance microbicidal activity of
macrophages.
Th2 Protect against parasitic helminth infections and GATA3

promotes allergic responses. Secretion of cytokin
stimulates the production of IgE antibodies by B ct
and recruitment of eosiophils.

Th9 Pleiotropic functions including allergic inflammatio STAT6, PU.1, IRF4, GAT
by recruitment of eosinophils, artiimour immunity
by recruitment of CD8 T cells and autoimmune
inflammation.

Th1l7 Mediate responses to fungal and bacterial infectio whw!
by recruitment of neutrophils and macrophages ti
infected tissues.

T-follicular Regulate B cell proliferation. Bcl6
helper (Tth)
Treg Suppress the immune response by production o FoxP3

anti-inflammatory cytokines.

Table 15 Subtypes of Thelper cells and their effector functions.
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Cytokines Reference
produced

LCbi#2% L (Goswamiand Kapla

2017)
IL-4, 115, 11-13 (Maynard and
Weaver 2015)
IL-9, IL-10 (Kaplan 2013)

IL-17A, IEL7F, IE22 | (Ouyang et al. 2008)

IL-21 (Nurieva and Chung
2010).
IL-10 Y2y Rt 1.2
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ANCA autoantibodies attack neutrophils and leads to inflammation of small blood vessels.
However, neutrophils are noexclusively implicated in AAV. Patients with AAV have
increased circulating IFNor Il-4 depending on disease state. This has been shown in
patients with active localised disease (i.e. in vasculature in upper respiratory tract) have
heightened levels of NF, indicating a Thl mediated response where patients active
generalised disease (i.e. systemic matgan involvement) have heightened4lindicating

a Th2 respons@Miller et al. 2000) Furthermore, Th17 cells have also been implicated in
the pathogenesis of AAV. Neutrophils produce Th17 effector cytokinEgAland 123 in
response to ANCA autoantibodies which thereby proen®hl7 activation and localised
autoimmunity in the blood vessel by means of further increased release of Th17 cytokines
IL-17, 123 and IE6 (Hoshino et al. 208). Chapter 4of this Thesis will investigate the

galectin3 dependent mechanissin T cells.
1.6 Summary

The mechanisms underlying the heightened rate of cardiovascular events and morbidities
in rheumatoid arthritis is poorly understood. However, the inflammatory response is the
principal driver of triggering cardiovascular events. Inflammation in rheumaididitis is

not confined to the joint, it is a systemic disease with systemic effects. Targeting these
early inflammatory insults is advantageous as it halts the sequence of events that follow
and lead to autoimmune responses. Understanding the cells lvea in the systemic
inflammation, and the mediators released from these cells can allow for early intervention
in treating arthritis associated cardiovascular comorbidities. While cardiovascular events
are clearly linked with rheumatoid arthritis, the mans underlying why this occurs is
poorly understood. This project investigates the potential mechanisms underlying this by
targeting the protein galectd3 and unravelling the galect® dependent mechanisms

involved in vascular inflammation.
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1.7 Hypothesis and Aims

The overarching hypothesis of this Thesis is that gal&ctimomotes the inflammatory
response to result in vascular inflammation. In order to test this hypothesis, lmviag

aims were set:
1. Investigating galectd3 inhibition in the collagen induced arthritis mouse model.
1 Chapter 3of this Thesis uses a model of inflammatory arthritis that features

vascular inflammation, the dalgen induced arthritis model, to investigate the

role of galectin3 in vascular inflammation.
2. Evaluating the role of galect®in T cells.

1 The aim ofChapter 4of this Thesis was to investigate the gale@idependent
mechanisms in CD4 T cells by developingnavitro bioassay to measure CD4

effector responses in response to galeesitnhibition.
3. Evaluating galecti3 inhibition in antigen induced arthritis.

1 Chapter 5investigates the effect of galect® inhibition using a T cell driven
model of inflammatory arthritis to determine the effect of galec8n
dependent mechanisms of vascular and joint inflammation in a controlled and

well-defined model.
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2.1 Materials

2.1.1Consumables

All chemicals were purchased frofigmaAldrich, unless stated otherwise. All plasticware

was obtained from Greiner BiOne Ltd. Deionised water (éBl) from a Millipore MilkQ

system was used to prepare buffeRoswel Park Memorial Institutd 640 Medium(RPMI)

from ThermoFisher was sujgmented with 10% (v/viioetal bovine serum (Corning), 2 mM
L-glutamine, 100 U/mL penicillin and 1Q@/mL streptomycin (Gibco), 1 mM sodium

pyruvate and 50uM i -Y SNDO I LI 2SO KFy2f & LA020SQad az2RATASH
ThermoFisher) was used for Th17lcaltures and was supplemented with 10fetal

bovine serum (Corning), 100 U/mL penicillin and p@0mL streptomycin (Gibco), and 55

UM (v/v)i -mercaptoethanol.

Galectin3 recombinant protein (R&D Systems) was dissolved in Q% Bovine Serum
Albumin (BSA).GB1107 (ID: x209; c95D) wasipplied directly from Galecto AB,

Copenhagen in powder form.
2.1.2Buffers

Krebs bufler and high potassium Krebs Buffer for myography were made up in 1 lig@ dH

on the day of the experimentT@ble 2.). Flow activated cell sorting (FACs) buffer was
comprised of 0.5% BSA, 5 mM EDTA and 7.5 mM sodium azide. Magnetic activated cell
sorting (MACs) buffer was comprised of 0.5% BSA and 2 mM EDTA. Citrate buffer for
immunohistochemistry was made by dissolving 2.94-gddium citrate in 1 L di® and pH
adjusted to 6.0. Tris’/EDTA buffer for immunohistochemistry was made by dissolving 1.21 g
Tris, 0.37 g EDTA and 0.5 mL Tween20 in LQ,dhH 9.0.
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Chemical Name

Sodium Chloride
Potassium Chloride

Monopotassium
Phosphate

Magnesium Sulphate
Sodium Bicarbonate
Glucose

Calcium Chloride

Chemical Formula

NaCl
KCI

KHPQ

MgSQ.7H20
NaHC®
GsH1206

CaCGlH20

Table 2.1: Components of Krebs buffe

Krebs Buffer (g/L)

6.38

0.2

0.16

0.3

2.1

1.98

0.22

27

High Potassium Krebs Buffe
(9/L)

2.3
4.5

0.16

0.3
2.1
1.98

0.22
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2.1.3Primers for quantitative PCR

All TagMan gPCR primers and probe sets were sourced from Applied Biosystems,

ThermoFisher UK.

2.1.4Antibodiesfor immunohistochemistry

All antibodies and dilutiongsed are summarised ifable 2.2
2.1.5 Antibodies for flow cytometry

Antibodies for flow cytometryvere purchasedrom the sources listed ifable 2.3
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Gene Name Assay ID
Lgals3 MmO00802901 m1
l117a MmO00439618 m1
Ifn MmO01168134 m1
114 MmO00445259 m1
Act MmO01205647 m1

Table 2.2: List of primers used for g°PCR

29

Species

Mouse

Mouse

Mouse

Mouse

Mouse

Chapter 2



Target Antigen Primary Dilution and
Retrieval Antibody concentration
CD3 Citrate Rabbit 1:100
buffer anti- (6 ng/mL)
human
CD3
Galectin | Tris’lEDTA  Rabbit 1:250
3 buffer anti- (2pg/mL)
mouse
galectin3

Table 23: List of antibodies for immunohistochemistry

Isotype
Control and

stock

concentration

Rabbit 19G
(15 mg/mL)

Rabbit 1gG
(2 mg/mL)

Isotype control Secondary Dilution

dilution and
final

concentration

1:2500
(6 ug/mL)

1:500
(2pg/mL)

30

antibody

Biotinylated 1:300
swine anti
rabbit

Biotinylated | 1:750
goatanti-
rabbit

Serum

Block

Swine
(10%)

Goat
(10%)

Chapter 2

Commercial

Source

Dako
(A0452292

Abcam
(ab76245)
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Species Target Clone Stock Concentration  Dilution Source

Mouse CD4 RM45 0.2 mg/mL 1:200 eBioscience
CD3 1452c11 0.2 mg/mL 1:200 Biolegend
LCb! XMG12 0.5 mg/mL 1:200 eBioscience
IL-4 11B11 0.2 mg/mL 1:200 eBioscience
IL-17A TC1118H10.1 0.5 mg/mL 1:200 Biolegend
Galectin3 M3/38 0.2 mg/mL 1:200 Biotechne
Foxp3 FIKL6S 0.5mg/mL 1:200 eBioscience
Ki67 11F6 0.5 mg/mL 1:200 Biolegend

Table 24: List of antibodies used for flow cytometry.
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Methods
2.2 Myography

Myography was used to assess the vascular constriction responses in aortic rings @ mice.

schematic representation of the myograph is outlinedrigure 2.1

Mice wereculled by inhalation of a rising concentration of carbon dioxashel death was
confirmed by palpitation. The thoracic aorta was perfused with 2 mL Krebs buffer and was
carefully dissected from the thoracic cavity before placing in Krebs buffer. Using a
dissection microscope, the aorta was placed in a Petri dish camgpirebs buffer and the
perivascular adipose tissue (PVAT) was carefully removed using a high precision tweezers
(size 6) and a dissecting scissors. Two rings, each 2 mm in length, were cut from each aorta
and mounted onto two wire prongs in each bathtbé myograph, as shown fRigure 2.1

Rings were continuously bathed in oxygenated Krebs buffera 8ce mounted onto the
myograph.Baseline tension was set aero millinewtons iN) for 20 minutes. Following
equilibration, tension was manually increased by @8 every minute until a baseline of 5

mN was set. Rings were maintained ahbl for 20 minutes. Smooth muscle cells were then
re-activated with 6x16 M highpotassium (K Krebs solution for 20 minutesdighK* Krebs
solution was removed by washing in Krebs solution 3 times until tissues returned to
baseline.Following the addition andubsequent removabf 6x10* M high-potassiumK*

Krebs solutiontissueswere bathed in kebs solution for 20 minutes to allow tce-
equilibrate to 5mN. Tissues were then treated with increasing concentrationsesbtonin

(5HT) in half log incremen{3able 24). Maximum contraction was noted following each

addition of 5HT. Data was analysesing MyoDagoftware and GraphPad Prism 9.
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A Tension
( ) Control
Micrometer —__

~  Gas Supply (95% O,,
5% CO,)

Heated plate

(37°C)
——___ Myograph bath (containing
Krebs solution)
Aortic Ring
““Force
Wire transducer
prongs A Connection to
computer

(B) —— Tension control
Wire prongs

~ Myograph bath (containing
Krebs solution)

Heated plate

Figure2.1: Layout of the myograph

(A, B) A representative diagram and a photograph of a wire myograph bEtle. wire myograp
consists of two wires, rowhich the aortic ring is situatebetween The bath is connected to a fol
transducer connected to a computervhich gives a readout of constiien responses and to
tension control which allows the baseline tension of the aortic ring to be set. Aortic rings
submerged in physiologically relevant Krebs buffer and the bath was supplied with 25%C0 to

ensure tissue viability throughoueasurement.
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Volume to add to
bath

50 uL
100 pL
35 uL
100 pL
35 uL
100 pL
35 puL
100 pL
35 puL

100 pL

Table 25: Serial dilutions of 8HT added to myograph bath

Starting Concentration

1x1¢

1x10¢

1x16°

1x10°

1x 16

1x16°

1x10*

1x16*

1x 10

1x 16

Chapter 2

Final Concentration in bath
(mM)

1x10°
3x1@
1x1C
3x16¢
1x10
3x10
1x10°
3x 10
1x10¢

3x16

5-HT induces constriction of aortic rings and is added in increments to the organ bath to resul

maximum final concentration of 3xPanM.
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2.3 Animal Models of Inflammatory Arthritis

2.3.1 Mice

Male DBA/1 mice (Envigo, UK and Charles River, UK) were used for the coithgenul
arthritis (CIA) model as they exhibit a high disease incidence-d08%(Brand et al. 2007)
Wild-type C57BI/6 mice were used for the antigen induced arthritis model. Mice were
purchased at 8- 9 weeks old and were housed under specific pathogen free (SPF)
conditions at Cardiff Univeity for 1- 2 weeks prior to undergoing procedure. All animals
were housed at a stable temperature, on a-A@ur light/dark cycle and with food and
water ad libitum For CIA and AIA experiments,ca were kept to 4 per group per
experiment to keepwithin the constraints of the myograph upon harvesting of aartas
Experiments were repeated where necessary if the data was statistically underpowered. A
separate control agedhatched group (n=4) was run alongside the experimental groups

and was harvestetbr tissues within 24 hours of the vehicle/GB1107 treated mice.
2.3.2 Induction of Murine Collagen Induced Arthritis

A suspension of Type Il collagen from chicken sternumg/eL) was prepared by adding a

10 mM sdution of acetic acid (prepared in deionized water) to lyophilized collagen (Sigma
Aldrich). The collagen was then left to dissolve overnight &C.4To prepare complete
CNBdzy RQa I R 2 dkfiédyIicobacte@im tuberckdSigl@d mg, strain H37Ra,
231141, BD Biosciences) was ground to a fine powder using a glass mortar and pestle.
Using a glass syringe fitted with a39 dz3S ySSRE S wn Y[ 2F AyO02YVYl
(F5506, Sigmaldrich) was mixed thoroughly with the groutMiycobacterium tubesulosis

The CFA suspension (5 mg/mL) was aliquoted and stor&f’& until needed. On the day

of immunizations, an emulsion of collagen in CFA was prepared. A single aliquot of CFA was
defrosted andM. tuberculosigM. tb) thoroughly resuspended by vaxing. CFA (2.5 mL)

was added to an equal volume of the Type Il chicken collagen solution in acetidmcid.
emulsion (1 mg Type Il chicken collagen per 2.5Vt per mL) was formed by passing

the liquid through a glass syringe, fitted with a-d&uge nedle, 20- 30 times The
emulsion was tested for stability by adding a drop into a petri dish of water. A successful
emulsion did not dissociate upon contact with the water and was considered stable when it

remained intact.

All expenmental procedures were approved by Local Research Ethics Committee and were
carried out under the personal licence IC3B6F923 and were performed under the authority

of Home Office project licence PF34A3DC8 (and previously PB3E4EE13 to April 2019)
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On the day mice were to be immunised (Day 0), male DBA/1 mice were injected with 1
mg/mL Type Il chicken collagen emulsion (1@). The injection was administered via the
intradermal route in 2 sites on the left side of the base of thié to minimise adjuvant
induced ulceration. Mice received another identical intradermal injection of 1 mg/mL
collagen in CFA on the right side of the base of the tail on Day 21. The procedure timeline is
outlined inFigure 2.2Male mice were used as s&ogen is considered as atheroprotective
(Arnal and Bayard 200and may interfere with the vascular readouts of the experiments.
Mice were monitored for the clinical pgoession of arthritis and examined for wellbeing

throughout the 30@day procedure.

2.33 Induction of Antigen Induced Arthritis

Antigen induced arthritis (AlA) was inducediweekold male C57Bl/6mice. On Day21,
mice were immunised with 10QL 1 mg/mL methylated bovine serum albumin (mMBSA)
emulsified in equal volume CFA via subcutaneous injection to the right flank. A CFA
emulkion was preparedy passingthe liquid through asyringe fitted with a 19Qauge
needle 20- 30 times and tested for stability by adding a drop into a petri dish of water.
Mice also received 10QL 160 ng heat inactivateBordetella pertussitoxin (p. toxn) via
intraperitoneal injection. The administration of mBSA in CFA andxm served to prime
an immune response in the mice. One week later, on Bldy mice received a booster
injection of mMBSA in CFA via subcutaneous injection on the left flankttef prime the
immune response. On Day @yenty-one days after the initial injection, inflammatory
arthritis was induced by administration of 1@ 1 mg/mL mBSA to the knee joint. Mice
were monitored daily for wellbeing and for the development of atibr as determined by
knee swellingg by the measurement of knee diameters using a micrometdrefore
termination on Day 3 and Day 10 post irtigicular injection. A timeline of the protocol is

outlined inFigure 2.3
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Daily measurements of arthritis
Daily dose of GB1107 via oral gavage

Day 0 Day 21 Day 30

' | |

100 pL collagen + CFA 100 L collagen + CFA

emulsion (delivered at emulsion (delivered at 2 Termination
2 sites, 50 pL each) sites, 50 pL each)
Arthritis
Progression
Paw Score Pathological Feature
1 Normal (no swelling)
2 Mild/moderate erythema and swelling
3 Severe swelling covering whole paw
4 All joints affected by arthritis
5 Deformed paw/anklyosis

Figure2.2 Overview of the collagen induced arthritis model

Male DBA/1 mice were administered with Type Il collagen in CFA via intradermal injection on Day 0
and Day 2Don the left and right flank respectively. Mice were weighed, monitored and had regular
health checks throughout the experiment. Mice were dosed with GB1107 from Day 21 until
termination. Arthritis progression was monitored daily from Day 21 until termiratby scoring
swelling in individual paws, as per the criteria outlined above.
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Acute Chronic
Priming inflammation inflammation

Daily dose of GB1107 via oral gavage

Day -21 ———— Day-14 ——————Day -2— Day 0 Day 3 Day 10

} R | } R

100 pL mBSA in CFA 100 uL Arthritis Termination Termination
emulsion s.c. 100 pL p. mBSA in Induction for acute for chronic
toxin i.p. CFA inflammatory inflammatory
emulsion 10 pli_;nBSA response response
s.C. -

Arthritis Progression
Arthritis measurements

Figure 2.3: Overview of the antigen induced arthritis protocol

Administration of mBSA in CFA at Ba¢ and Day14 and pertussis toxin at Dagl primes the
immune response and establishes an antigen specific T cell and antibody specific response to mBSA
in the absence of synovitis. Inflammatory arthritis in initiated on Day O by -artreular (i.a.)
injection of MBSA to the knee joint which is followed by an acute inflammatory response. The
chroniclike inflammation phase features a T cell effector and B cell infiltration. Joint swelling is
measured on Day 0, 1, 2, 3 and 10 post i.a. injection and GB1107 isistdreth via oral gavage

from Day-2 to Day 3. There are two termination timepoints in the AlA protacbhy 3 and Day 10.
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2.34 Administration of therapeutic modalities during CIA and AIA

The CIA and AIA mouse modelsrgiused to test novel therapies. Small group sizes were

used (n=4 per group) to enable the optimal use of the myograph upon termination.
Expenments were run minimally in duplicate and resource equations were used to
estimate the number of mice required to show significant differences in clinical scores and

constriction responses between groups.
Vehicle Formulations

GB1107, a small molecule inhibitor of gale@inwas administered by dailyral gavage.
Initial experiments used@%6 propylene glycol in 0.5% HPMC as vehicle for GB1107. Briefly,
50 mg HPMC was dissolved in @ hot water (75C) to m&e a 0.5% solution. 10 mg
GB1107 was added tb mL propylene glycol to create a 10 mg/mL solutionl this was

then diluted by adding 9 mL 0.5% HPMC to create a 1 mg/mL final working solLaien
experiments used 10% solutol in PEG300 as vehicle. $adwolid at room temperature

and so was melted at 3C until it reached a liquid state and a 100 mL aliquot was taken.
The solutol was autoclaved at 1Z1to ensure sterility. 1 mL solutol was added to 9 mL
PEG300 to create a 10% solutol:90% PEG300wuldthis vehicle was incubated at°@7

and thoroughly mixed until a homogenous solution formed. 20 mg GB1107 was added to
this solution and mixed thoroughly to create a 2 mg/mL stock solution of GB1107 and the
solution put back into the water bath until fally homogenous solution was formed. The
drug suspension was then aliquoted to volumes required per day of dosing and each
aliquot was discarded at the end of each day. Mice were dosed with GB1107 via oral

gavage from Day 21 in the CIA modefrom Day-2 in the AIA model until termination.
2.35CIA and AIA Assessments

A macroscopic assessment of arthritis was made by measuritigdual paw diameters

(hind paws only)paw scoregfor each paw)and clinical sces (combined score from all

four paws) were measured daily froBay 21 until terminationn the CIA modelScoring

was determined by pathological features observed in the paws, as outlinEdyime 2.2
Swelling was assessed in the AIA model by measuring knee diameters on Day 0O (prior to the

induction of arthritis), Day 1, 2, 3, 7 and .10
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2.36 Tissue Harvest

Animals wereculled by inhalation of a rising concentien of carbon dioxide, and death
was confirmed by palpitation. The thoracic aorta was harvested by dissection. The
synovium was harvested from the AIA model by creating an incision at the patella ligament
and peeling back to expose the synovium. The symovwas collected using a fine
tweezers and placed into RNAlater for g°PCR analysis, or cRPMI for flow cytometry analysis.
Tissues harvested for histology were fixed in 10% neutral buffered formalin saline for 48
hours before transferring to 70% ethanol famgterm storage. The thoracic aorta was
used for myography, as outlined #ection 22. Blood was collected by cardiac puncture
and was transferred to a vacutainer coated with the calcium chelator EDTA (BD
Biosciences) to prevent coagulation. Whole llomwas kept on ice before separation of
erythrocytes, leukocytes and platelets from plasma by centrifugation at 2000 x g for 10

minutes at 4C. The pellet was discarded and supernatant stored as plasraé’art

Digestion of Synovium for flow cytometry

Synovium was isolated from inflamed joints as outlinedéttion 2.36 and placed in 10

mL cRPMI containing 1 mg/mL Type IV Collagenase (Worthington, Biochemicals). The tissue
underwent enzymatiadigestion in collagenase at 7 for 2 hours, vortexing every 10
minutes. Cells were passed through a4 cell strainer and washed with cRPMI before
centrifuging at 400 x g for 5 minutes. Cells were then seeded in a 96 well plate and stained

for flow cybmetry Section 2.1}

Isolation of Inguinal Lymph Nodes

Inguinal lymph nodes were identified and dissected from the mouse before mashing and
passing through a 4@M cell strainer to form a Bsple cell suspension. Cells were
centrifuged and resuspended in cRPMI before seeding onto a 96 well plates for flow

cytometry analysisSection 2.1)
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2.4 Ex Vivo Myography

Ex vivo myography experiments were carr@ad in healthy male DBA/1 mice to determine
individual contributions of galectii to vascular constriction responses. DBA/1 mice were
terminated by Schedule one method and thoracic aortas were harvested and mounted on
the myograph. Baseline tensions weset according toSection 2.2 Aortic rings were
incubated with either 1 ng/mL galectin3 in 0.1% (w/v) carrier protein bovine serum
albumin 8SAor 0.1%(w/v) BSAonly for 2 hours prior to measuring constriction responses

to SHT.

2.5 Enzyme Linked Immunosorbent Assay (ELISA)
2.5.1 Sandwich ELISA

Sandwich enzymbnked immunosorbent assay (ELISA) was used to detect the
concentration ofcytokinesin plasma from mice withnflammatory arthritis, and also to
detect the concentration of cytokines releases from @il in vitro cell cultures All kits
6SNBE a2dz2NOSR FTNRBY wsg5 {eadasSvya IyR LISNF2NY!
instructions Briefly, highbinding plates were cdad overnight with capture antibody
before noncoated areas of wells were blocked with 1% BSA to avoiespenific binding.
This was followed by addition of sample and known concentrations of the analyte of
interest (protein standards). For detection, itinylated detection antibody was followed

by the use of horseradish peroxidase (HB#jugated streptavidin. The chromogenic
substrate o Z o I etramefdylbenziding TMB) was added to each weath quantify 1gG
binding to antigenand the plate keptin the dark at room temperature unti& colour
change was observed®op solution (25 uL; Seracare, UKyas addedto terminate the
enzyme substrate reactioand the absorbance was measured at 466 using a FLUOstar
Omega Microplate Reader. #tandard curve wagreparedusing the OD450 nm readings
from the protein standardsinterpolation of the standard curve gave the concentration of

protein of interest in each sample.
2.5.2 Direct ELISA

Antigen specific responses mBSA were determined by measuring mBpAcific 19G
titres in plasma from mice with AIA. High binding plates were coated wigpaL mBSA in
PBS overnight at room temperature before washing in PBS Tween20 (0.05% v/v) and

blocking in 5% (w/v) milk extragh PBS Tween20 for 1 hour at room temperature. Plates

41



Chapter 2

were washed and plasma samples were diluted 1/¢0d3100000 in 5% (w/v) milk extract

in PBS and added to the plates at room temperature for 2 hours. mBSA specific antibodies
were detected by additionfoa horseradish peroxidase conjugated to goat -ambiuse IgG

(0.5 mg/mL, 2 hours, Dako). The chromogenic substmte o T etAmefhylbenzidine
(TMB) was added to each w#dl quantify 1gG binding to antigesind the plate keptin the

dark at room temperaire until a colour change was observéxfore adding stop solution

and measuring absorbance (450 nm) using FLUOstar Omega plate reader (BMG Labtech).

2.6 Multiplex Assays

LEGENDplex assay kiBiolegend, UK) were used to probe for multiple cytokines
simultaneously from the same sample. The procedure was performed following the
YIEydzZFlF OGdzNENDRAa AyadNHzOGA2yas gKSNB LY Fayl
detection antibodies and assay buffe create a sandwichased assay. A standard curve

gl a O2yaidNHzOGSR dza Ay 3 and ¥dndaidd of knowé cohcghRationd E S R
from the kit. The mixed beads contain beads of varying size and fluorescence that are
conjugated to a specific antioly. All samples were subsequently incubated with PE
fluorochrome which bound to each detection antibody. Samples were then run on a flow
cytometer on a low flow rate and 4000 events were recorded for each sample. Analytes in
each sample were distinguishédsed on their size (according to forward and side scatter)
and fluorescent intensity. Data was exported in the form of FCS files and analysed using the

LEGENDplex software provided.

2.7 Histology
2.7.1 Tissue pessing

Thoracic aortas harvested for immunohistochemical analysis were fixed in 10%uffen
formalin saline (NFBS; Merck) for 48 hours to preserve tissue structure prior to being
transferred to 70% ethanol for long term storagésslies were processed in the Histology
Suite, Bristol University. Tissues were processed through increasing concentrations of
methanol to dehydrate the tissue and allow for the infiltration of wax to the tissue and
xylene to remove any residual methanoisjues were then permeated with paraffin wax.

Details of the cycles are outlined Trable 25.
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Reagent Length of cycle (minutes)
70% methanol (v/v) 90
90% methanol (v/v) 90
100% methanol (v/v) 60
100% methanol (v/v) 60
100% methanol (v/v) 60
100% methanol (v/v) 60
100% methanol (v/v) 60
Xylene 90
Xylene 120
Xylene 120
Wax 120
Wax 90
Wax 90
Wax 60

Table 26: Tissue processor cycles for soft tissue samples
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2.7.2 Sectioning

Processed samples were embedded in paraffin wax to make blocks at Bristol University
Histology Suite. Aortas were embedded perpendicular to the histology cassettes to allow
for transverse section of the aorta to be cut. Tissues were sectioneduit thick using a

microtome and placed onto a SuperFrost Microscope slide (ThermoFisher). Slides were

incubated at 60C overnight to remove any excess wax and stored in boxes until staining.

2.8 Immunohistochemistry

Formalin-fixed paraffirembedded (FFPE) tissue sections were deparaffinised by immersion
in three changes of xylene (5 minutes each) and rehydrated in 100%, 90% and 70% ethanol
for 5 minutes before washing in @@l for 5 minutes. Antigen retrieval was performed by
placing slides in 10 mM citrate buffer; pH 6.0 at®@3%or 40 minutes to break crosslinking of
proteins and therefore unmask antigens. Citrate buffer acts as calcium chelators, therefore
breaking protein bonds and revealing antigens for antibody bindiffge higher the

temperature, the more effective the unveiling of antigens is.

Slides were incubated with 3% hydrogen peroxide for 10 minutes at room temperature to
block endogenous peroxidase activigerum diluted in TBS/T wadded b each slide and
incubated at room temperature for one hour to prevent nepecific antibody binding.

Each slide contained 2 sections and so one section was stained for the antigen of choice
and the other was stained with an isotype control. Slides weoaibated with primary
antibody in TBS/T at’@ overnight to allow antibodgntigen binding. After removal of the
primary antibody by washing in TBS/T, biotinylated secondary antibodies were used to
immunolabel target antigens. Visualisation of antibody labg was achieved by using
+SOGFadl Ay ! . |diarhidolbenzidigeRstafing kit ectrd_aboratories). DAB
added to the sections and forms a precipitate at sites of antibody binding, which results in
the development of brown staining. The deveioent of specific DAB staining to the sites

of antibody binding was monitored under a light microscope (appre3.inutes) and

then stopped by immersion in water. After antigen detection, tissue sections were
counterstained with Harris haematoxylin foD-15 seconds before washing in water to
remove excess stain. Sections were then dehydrated by immersion in 70%, 90% and 100%
ethanol followed by three changes of xylene (all 5 minutes each). Slides were finally

mounted in DPX
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2.8.1 Quatification of IHC Staining

Sections wereisualised using a Leica DM 2000 microscope and Leica Application Suite v4.9
software Positive staining was quantified by ImageJ software, which quantifies the area of
staining based on th@umber of DAB positive pixels. The protocol used was based on
enhancing contrast to allow the software to detect and quantify the number of-DAB

positive pixels.
2.91n vitroT cell cultures

2.9.1 Isolation ofnurine CDAT cells

96 well Ubottomed plateswere coated in IAg/mL antitCD3 antibody (clone 145 2c11, R&D
SystemsJ¥or 24 hours at 4C prior to seeding cells. Spleens were harvested from wild type
(WT) C57BI/6 male mice aged-94 weeks. Single cell suspensions were prepared by
homogenising spleens in a small Petri dish in media. Tissue was transferred giviacédl
strainer and washed through with media. Cells were centrifuged at 400 x g for 5 minutes at

4°C. Red blood cells welgsed by treating with 5 mL red blood cell lysis buffer (BioLegend,

YO FOO2NRAY3 G2 YIFydzZFlI OGdzZNBNRA AyadNHzOGA 2y

and the pellet resuspended in 4Q0L MACS (0.5% BSA and 2 mM ETDA) buffer. The
isolation of CD4 dis was performed using T cell isolation kit (Miltenyi Biotec, UK) according
02 YIydzZFlI OGdzZNENRA AyadNHzOGA2yad . NASTFfex
antibody cocktail conjugated to magnetic microbeads. The cell suspension was passed
through a magnetic column (Miltenyi Biotec) which allowed for the attachment of biotin
labelled cellsi(e., any cell not expressing the CD4 antigen on their surface) to the magnet
and CD4 cells were passed through the column to a fresh collecting tube. The use of
untouched selection was essential as it prevents the binding of antibodies to the cell, which
can result in premature cell activation and proliferation. The CD4 cell suspension was
passed through a fresh magnetic column to ensure a CD4 pure populatits. weee

centrifuged and the pellet resuspended in 1 mL cRPMI.
2.9.2 Cell Count

10 pL cell suspension was added to |90 cRPMI and 1(L of this dilution was added to a
glass haemocytometer, with a cover slip gdcover the cell suspension at an angle to
minimise air bubbles. The cells were counted in four of the 3x4 squares under a microscope
and an average cell count was calculated. The average cell count (cells/mL) was multiplied

by the dilution factor and by @, to account for the surface area of the haemocytometer.
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2.9.3 Differentiation of CD4 T cells

Plates coated with arHCD3 in PBS were aspirated to remove PBS before the addition of
purified CD4 T cells. Cells wecultured at 1x1®cells per well in complete RPMI or
complete IMDM followed by media containing a cytokine combination to model the
conditions required for the differentiation of CD4 T cells to Th1, Th2, Treg and Th17 cells
respectively (as outlined ifable 2.6§. ThO cells were included as controls and are defined
as cells that were TCR activated but were not differentiated to an effector submeT. cell
activation, in addition to platdbound antitCD3- which activates the TCR complesultures
alsocontained soluble arCD28 (5 pg/ml; clone 37.51, eBioscience) to provide secondary
activation and promote T cell proliferation. Cells were incubated &C3%% COuntil

harvest. An overview of T cell cultures is outlineéigure 2.4

2.9.4 Addition of GB1107 to cultures

For in vitro studies, GB1107 was dissolved in DMSO to form a 10 mM concentration.

GB1107 was then further diluted in IMDM media to the desired concentration.

T Cell Subset Media Cytokine(s) Concentrations
Thl cRPMI IL-12 20 ng/mL
Th2 cRPMI IL-4 40 ng/mL
Treg cRPMI TGF 5 ng/mL
Thl7 cIMDM TGF 1 ng/mL

IL-6 20 ng/mL
IL-23 20 ng/mL
IL-2 Antibody 10 pg/mL

Table 27: Required cytokines and concentrations for T cell cultures.
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3. Cytokines added to
culturing media to induce
differentiation to CD4 effector

phenotypes
2. Spleen mashed into a Th1
single cell suspension and IL-12
CD4 T cells isolated
1. Spleen
dissected from
mouse
\ I_hg
) ’ IL-4 —
Th17
IL-6, IL-23,
TGFB, anti IL-2

5. Cell expansion and effector

functions analysed by flow
cytometry, GPCR, ELISA. 4. Cells cultured for 4 days

Figure 2.4: Overview of T cell cultures

Spleen wa$arvested from male C57Bl mice and CD4 T cells isolated by MACs separation. Cells are
then cultured in medium containing cytokine combination to promote differentiation to a Thl, Th2
or Thl7 phenotype for 4 days at ®7 before analysing expansion andeetbr functions by flow
cytometry.Images obtained from BioRender.com.
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2.10 Quantitative Polymerase Chain Reaction (QPCR)

2.10.1 RNA Isolation from cells

RNeasy Mini kit (Qiagen) was used to isolate RNA from lysed cells. CD4 cells were harvested
in 250pL lysis buffer containing 1% (vAAmercaptoethanol after 48 hours in culturBNA

was isolated and purified using the RNeasy Mini kit (Qiagéojal RNA was extracted
following Y I y dzF I O i dzZNB NQiager) ghd RWHnAsi élufey @ 20 RNase free

water. RNA quantity and purity was quantified by adding 1 uL RNA to the
spectrophotometer,NanoDrop 2000 (ThermoFishemeasured by reading atdbance at

260 nm and 280 nm and a ratio of the two was definad260/280 ratio of approx. 2.0 is

considered pure for RNA.
2.10.2 RNA Isolation from tissues

Synovium, thoracic aortas and thoracic PVAT was hagesom AIA experiments and
stored in RNAlater aB0°C. Tissues were defrosted on ice and weighed. Following weighing
tissues were placed in TRIzol to maintain RNA integrity and disrupted using a handheld
homogeniser. Chloroform was added to the homogeditissue in TRIzol and centrifuged
16000x g for 15 minutes resulting in a phase separation of RNA. The top aqueous layer was
removed and washed in 100% ethanol. From this, the -BiNAnol mix was added to
columns from miRNeasy micro isolation kit (Qiadgend further steps followed as per the

manufacturers instructions. RNA was quantified using Nanodrop 2000 (ThermoFisher).
2.10.2 Complementary DNA (cDNA) Synthesis

Complementary DNA was reverse transcribed fromlated RNA, using a random
oligonucleotide primer and dNTP mix (Precision nanoScript 2 Reverse Transcription Kit;
PrimerDesign and a C1000 Touch thermocycler (BioRad)). Briefly, total RNA was incubated
with 1 pL reverse transcriptase primer, RNase/DNase fwater and sufficient RNA sample,

so that all samples had 500 ng RNA, &B%r 5 minutes. Samples were then incubated
with 10 pL master mix containing nanoScript 4X buffer, 10 mM dNTP mix, RNase/DNase
free water and nanoScript 2 enzyme at°@5for 5 ninutes, followed by 4ZC for 20

minutes, followed by 7% for 10 minutes. cDNA was stored2(°C until use for gPCR.
2.10.3Quantitative Polymerase Chain Reaction (QPCR)

Gene targets for identificgon of Tcell subsets and galecthiwas amplified using Tagman
Gene Expression Assays (Applied Biosystems, ThermoFisher). Tagman assays are composed

of two primers and two fluorescent probes, of which is cleaved upon interaction with the
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primer on the target sequece of cDNA, releasing fluorescence. The amount of fluorescent
signal intensity is directly proportional to the amount of RNA. To achieve thiglarfaster

mix was made comprised off. Tagman fast advanced master mix, [lLsTagman primer

for the geneof interest and 3.51L RNase/DNase free water. Thauld master mix was
added to 1pL cDNA sample. Gene expression was quantified by measurement of
fluorescence by QuantStudio 12K Flex Raale PCR (Applied Biosystems) and using the
comparative delta Ct nteod. All data was normalised against housekeeping gect

The delta Ct method calculates the fold change in gene expression, relative to an internal
O2yiNRf aK2dzaS|{SSLMAy3I¢ 3ISySo

2.11 Flow Cytometry

Flow cytoméry is commonly used to characterise and quantify heterogenous cell
populations by labelling cellular proteins or receptors with a specific antibody that is
conjugated to a single fluorochrome. The cell population is passed through a laser which
hits the fuorochromes and excites them, therefore increasing their emission of Tigjig is

then picked up by detectors that can determine the size of the ¢alb measured by
forward scatter- and theintracellularcomplexityof the cell¢ as measured by sideatter -

of the deflected light beamThe level of excitation of the fluorochrome translates to a
specific wavelength, which then allows the user to identify the phenotype of théAwdgin

et al. 2017)

2.11.1 Intracellular Staining Protocol

Cytofix/Cytoperm solution (BD) was used to permeabilise cell membranes for intracellular
staining. Cells were stimulated with 50 ng phorbol myristatetate (PMA) and Hug
lonomycin (to activate intracellular pathways therefore increasing production of cytokines)
in the presence of 3M Monensin (which blocks golgi transport, therefore inhibiting the
transfer of cytokines and proteins to the outsidé the cell) for 4 hours at 3T 5% C9O
Wells were stained with 2fL Live/Dead Zombie Aqua (diluted 1:500 in PBS) and incubated
at 4°C for 5 mins. Cells were centrifuged at 500 x g for 3 min%CaaAd resuspended in 50

pUL FACs buffer (0.5% BSA, 2 mM EDTA and 7.5 mM sodium azide) contgopimd. 4c
block (BD, UK) and incubated in the fridge for 20 minutes. Wells were incubated with 50
master mix containing antibodies for target surface antigens for 30 miratte8C. Cells
were washed twice with 20Q)L FACs buffer and centrifuged at 500 x g for 3 minutes. Cell
membranes were permeabilised with 1QQ. Cytofix/Cytoperm solution and incubated at

4°C for 30 minsCells were washed twice with 2Q@ PermWash, diluted 1 0 in water,
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and centrifuged at 500 x g for 3 minutes. All antibodies for intracellular staining were
diluted in 1X Permwash and . of the antibody mix was added to each w€lklls were
washed with Permwash (BD) thereafter and were fixed with 1X XCedifution (1 in 10 in
water; BD) to denature proteins to avoid degradation of the sample prior to running

through the cytometer.
2.11.2 Cytometer Seip

Compensation is essential when analysing flow cytometry ttaexclude spectral overlap
between fluorochromes. This was calculated by the addition of a single fluorochrome
antibody to a protein that is constitutively expressed on the cellg.(CD4 on Th cells) in
separate wells. Gates were applied to the pesily stained population and compensation

was calculated by the cytometer. A single unstained sample was run to determine the side
scatter (SSC) and forward scatter (FSC) of the cells. Once the cells were identified, the SSC
and FSC were applied to all sdeg The samples were recorded at 50,000 events and at a

medium flow rate. All data was analysed by FlowJo Software.
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Lymphocytes Singlets
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Figure 2.5: Gating strategy for flow cytometry

Cells were gated based dorward scatter and side scatter profiles of lymphocytes, followed by
exclusion of doublets. Live cells were gated on by selecting cells that were negative for live/dead
Zombie Aqua viability stain (Biolegend) before identifying*CDZ cells.
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2.12Statistical Analysis

Forin vivoexperimentswhere no preliminary data was available, pietperimentswere
carried out using small n numbers using the resource equation (below). Following the
generation of preliminary data, power calculations were performaesing G*Power

(http://wvww.gpower.hhu.de/) to calculate appropriate group sizes.
Resource equation: E =@\I;

where N = total number of animals, T = number of groups and E must be between 10 and
20.

Flow cytometry data was analysed using FlowJo Software VersigRrld®Jo LLC, USA).
Figures and statistical analysis were made using GraphPad Prism 9 (GraphPad Software Inc.
La Jolla, BA. Studies comparing two groups that were normally distributed used a
students ttest to determine statistical significance. For dataat was not normally
distributed, a ManAWhitney Utest was performed. To test for statistical significance
across multiple groups, a orveay ANOVA with Tukeys post test was used for normally
distributed data. For comparing multiple groups across multipmepoints or
concentrations, a twavay ANOVA was used with a Sidak gest. A p<0.05 was
considered statistically significaand graphs are shown as mearstandard error of the

mean (SEM).
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Investigating galecttd inhibition in collagen

induced arthritis
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3.1 Introduction

Gollageninduced arthritis (CIA)s an excellentmodel to investigatethe relatiorship

between joint inflammation and cardiovascular conorbidities because of its systemic

nature. In addition, many of the pathophysiology and molecular mechanisms that underpin
systemic inflammation in rheumatoid arthritis (RA) are also observed inFOtAexample,

CIA and RA are polyarticular, possess comparablé fmathology €.g., immune cell

infiltration and pannus formation), and both display circulating markerg.(ACPAs, anti

CCPs, antiype Il collagen antibodies, and piaflammatory cytokines such as TNREI

Shikh et al. ; Forster et al. ; Schurgers et al. 2011; Jones et al. EOtiBermore, RA has a

defined preclinical and clinical phase of disea&ecion 1.}, and CIA is also codsred to

Y2RSf 020K LKIasSa 2F w! d ¢KS GLINBOt AyAOlf LK
protocol whereby mice develop a systemic immune response against collagen, but mice do

y2i RSOSt2L) YIONRPAO2LIAO | NIXKNA AR O/ LYy 2 AADIZNIE
second intradermal injection of collagen in CFA on Day 21 which boosts the immune
response and results in the development of macroscopic artt{Btiand et al. 2007While
cardiovascular disease and vascular inflammation have been studied during the clinical

phase of CIA, the vasculature and early inflammatory mechanisms occurring in the

preclinical phase of CIA are poorly understood.

The chronic articular inflammation in CIA leads to inflammation of the blood vessels and
alterations to the functio of these blood vesseldReynolds et al. 2012; Palma Zochio
Tozzatoet al. 2016) Arthritis associated vascular inflammation and dysfunction is not
unique to major bloodvessels. In RA for example, inflammation of the blood vessels is
characterised by heightened expression of angiogenic fadtrs, VEGRNd changes in
synovial blood vessel densiffPaleolog 2009and the circulating markers found in the
blood of RA patients are also present in the joi@ytokines such as TNHL6, and 117

play a role in endothelial cell activation in synovial blood vessels which promotes
inflammation, leading to pannus formatiofyrman et al. 2018)The synovium becomes
hypoxic during RA which promotes angiogenic processes, resulting in a dysregulated
process by which there is increased synovial blood vessslgeting preinflammatory
cytokines and degrading proteasée.g.,MMP-9) leading to subsequent joint destructio
(Paleolog 2002)

The mechanisms underlying vascular dysfunction in arthritis have yet to be elucidated but

the CIA model has shown that the alterations to blood vessels may be due to enhanced
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levels of inducible nitric oxide synthase (iNOS) which in turn results in dedragailability

of nitric oxide (NO)Palma Zochio Tozzato et al. 201Burthermore, MMP9 has been
shown to play a role in defective vascular constriction responses ifR&ynolds et al.
2012) A rat model of adjuvarnhduced arthritis with polyarthritis has shown that
alterations to the vasculature may also be partly due to enhanced NADPH oxidase leading
to the production of intracellular RQ8aruna et al. 2006@nd the sustained release of pro
inflammatory cytokines such as TNBnd IFN (Sprague and Khalil 20090 CIA, these
mechanisms are exhibited as deased responsiveness of the thoracic aorta to
vasoconstrictor serotonin (5HT), resulting in attenuated ability of the blood vessel to
constrict. This has been reproducibly shown in our(Réynolds et al. 2012; Williams et al.
2016; Sime et al. 2017Yhe attenuated constriction response observed in CIA gives the
model a functional readout of vascular mfimation, and it can be used to assess the
effectiveness of pharmacological interventions that target the vasculature during

inflammatory arthritis.

Galectin3 has been identified as a prognostic marker of heart fai(lok et al. 2010and

is elevated in many systemic inflammatory diseases as discus&stiion 1.4.2 Elevated
galectin3 is presehin animal models of inflammation such as autoimmune experimental
encephalitis (EAHYiang et al. 2009)n fibrotic cardiomyopathyNguyen et al. 2018and

in CIA(Wang et al. 2010Knockdown of the galecti® gene attenuated joint pathology in
antigen induced arthritis (AlAJForsman et al. 20119s measured by decreased synovitis,
decreased bone erosion, and decreased levels of proinflammatory cytokines,anNH-

6. Galectin3 is expressed in vasculamooth muscle cells and has been identified as a
potential modulator of pulmonary artery remodelling in a rat model of pulmonary
hypertension(Barman et al. 2019s it inhibitedapoptosis, leading to fibrosis and arterial
stiffening. Moreover, in patients with RA, raised serum levels of gal8otiorrelated with
vascular stiffness, therosclerosis and myocardial contractilifAnyfanti et al. 2018)
Therefore, galecti¥8 playsa critical role in RAriven tissue damage and represents a
potential target for intervention in inflammatory diseasellowever, pharmacological

inhibition of galectin3 has not been tested in RA, or in RA agded comorbidities.

Galecto Biotech is a pharmaceutical company based in Copenhagen, Denmark and they
specialise in the production of specific galeeimhibitors.Galecto manufacture galecti®
inhibitors that inhibit both intraellular and extracellular galecti®. One of these inhibitors

is GBO139, an inhaled small molecule inhibitor of galextiG@BO139 entered Phase Ilb

clinical trials for Idiopathic Pulmonary Fibrosis (IPF) in 2019. Galecto Biotech also have two
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more galecth inhibitors, GB1211 and GB2064 in Phase l/lla trials for NASH and
myelofibrosis, respectively. Galecto Biotech provided us with a unique opportunity to use a
galectin3 inhibitor, GB1107, as a research tool to block galeRtifunction. Previous
studies ®ing GB1107 showed decreased tumour size and inctedsmour M1
macrophage polarisation and CDBcell infiltration in a mouse model of n@mall cell lung
cancer(Vuong et al2019) GB1107 alsehowed potency imbhibiting both intracellular and
extracellular galecti#8 (Stegmar et al. 2019) In this studyby Stegmayret al, GB1107
showeda strong affinity for galectif8, and high permeability for crossing cell péas, both

in the apical to basolateral direction and the basolateral to apical directianCace? cell
monolayer. These two studies showed th@B1107 has good bioavailabilignd efficacyn

anin vivoandin vitromodel.

Unpublished studies performed in our laboratotgigntification of targets for the prognosis
and/or treatment of vascular pathology associated with inflammatory arthris
Katherine Sime. PhD. thesis Cardiff University ORCA reference:
http://orca.cf.ac.uk/id/eprint/121975 evaluated GB1107 blockade of gale€difunction in
the CIA model. Micevith CIA were administed 10 mg/kg GB1107 once daily frobay 21

to Day 30 of the CIA protocoésulting i:

1 Delay of onset and attenuated arthritis in mice treated with GB1107, by measurement

of paw diameters and clinical scores.

1 Decreased circulating galectthhand decreasetissue levels ofjalectin3 in the thoraat

PVATandthoracic aorta.
1 Decreasedsteoclasnumberin the hind pavs of mice treated with GB1107.
1 Decreased macrophage infiltratida the thoracic aorta during CIA.
9 Partiallyrestored constriction responses in mice treated witB1G07.

1 Significant decrease in circulating grdlammatory cytokines IFN GM-CSFand Ik
17A.

These resultsuggestnovel roles for galectdd in arthritis pogression anchighlight the
translational potential of targeting this pathway for patient treatment. These studies
showed a reduction in disease activity by delayed onset and decreased joint pathology by a
reduction in immune cell infiltration and partigltestored vascular constriction responses.

However, while these resuliadicate that galectir8 may play a role in arthritigssociated
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vascular inflammation, they did not show complete resolution of joint disease or full
restoration of constriction reggnses. In this Thesis, GB1107 can be used as a tool to inhibit
galectin3 and understand its role in vascular inflammation. However, to do this, GB1107
must reach a systemic concentration high enough to fully inhibit gak3ciim collagen

induced arthrits.

Hypothesis and Aims

The overarching hypothesis for thiGhapter is that galecti#8 is a critical mediator in
vascular inflammation associated with inflammatory arthritis. To test this hygsish the

following aims were set:

Aim 1: To investigate the function of galee8rin collagen induced arthritis, a polyarticular

systemic chronic progressive disease.

Aim 2: To investigate the function of gale=8 in the preclinical phase of inflammatory

arthritis.
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3.2 Results

3.2.1 Establishing the collagen induced arthritis model

Collagen induced arthritis was induced irw8ek-old male DBA/1 mice and reached an
incidence of 8Q; 100% Figure 3.1 A Macroscopic arthritis developed from Day 24 of the
model and reached an incidence of 85% by termination on Day 29. This incidence is in line
with previous studies conducted in theblaratory. Furthermore, the progression of
arthritis was monitored from Day 21 to Day 29 by measurement of paw diameter, and each
paw was scored based on swelling, and the number of joints affected. Paw diameter
steadily increased from Day 25 to Day 29 wéthaseline of 1.9 mm on Day 21 prior to the
development of arthritis and 2.4 mm upon terminatiom @ay 29 Figure 3.1 B The
combined score of each paw gave a total score, termed as clinical score. The average
clinical score upon termination was Bigue 3.1 @, which is also in line with published
data (Brand et al. 2007)The incidence and progression of arthritis, as determined by paw
diameter and clinical score, followed the same tiwwurse as published data as shown by

increasing clinical scofeom Day 24 to termination on Day 29.

Aortic onstriction responseso serotoninduring ClAprovide a good indicator of vascular
dysfunction associated with inflammatory arthritfReynolds et al. 2012; Williams et al.
2016) Thoracic aortas from mice with CIA had significantbcrelased constriction
responses to 5HTF{gure 3.1 D Healthy naive miceGlA) hada maximum constriction
response of 7.7 mN, whereas mice with CIA had a maximum response of 4.8 mN. The
incidence, timecourse, and presence of defective constriction rasEs was comparable

with published data. This demonstrates technical proficiency for inducing the model. It also
validated the model for investigating vascular dysfunction associated with inflammatory

arthritis in my hands.
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Figure 31: The establishment of collagen induced arthritis with the same incidence, timeco
and progression as previously published.

Collagen induced arthritis was established in male DBA/1 mice (n=12). (A) Incidence rates
were observed in the mode(B) Average hind paw diameters were measured from DagR1C
The severity of swelling was measured and scored in each paw, which combined to form &
score. (D)Xonstriction responses are significantly lower in mice with CIA when comparedto,
age and sexnatched miceGraphs are shown as mearSEM**** = p<0.0001 as measured by-
way ANOVA with Sidak petstst.
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3.2.2 Systemic dysregulation of gale@ins required to study Classociated

vascular dysfunction

Thoracic aortas from healthy mice were immersed in galegx vivofor 2 hours prior to
measuring 5HT induced constriction responses to determine if gal@ctim direct contact

with the blood vessel wall, influenced its ability to constrict. A sitigiepoint of 2 hours

and a single concentration of 1 ng/mL was chosen as this was reported to induce marked
changes in smooth muscle cell constriction responses using other cytqidiasgina et al.
2002; Gillham et al. 2008At this concentration, constriction responsdsgure 3.2A) in

rings from aortae incubated with galectBh (Rmax of 9.6 mN) were comparable with
control rings incubated in vehicle (0.1% BSA) for an equivalent time (Rmax of 8.6 mN).
Mindful of high priority on the 3R&eduction, replacement, and refinemenin biomedical
research, the next step was to measure gale@tim the plasma of nodarthritic (normal)

mice. The data would establish if the parameters for a r@grsiological exvivo
experimental system was possible and if the excessive use of mice forratugag

experiments was avoidahle

Galectin3 is elevated in the synovial fibroblasts and the serum of patients with rheumatoid
arthritis (Ohshina et al. 2003; Filer et al. 200%s CIA was selected to investigate vascular
inflammation and dysfunction associated with arthritis, gale@imwas also measured in
plasma samples from mice with CIA. Gale@tiwas quantified by ELISA. Levels were
significantlyincreased in mice with CIA (150 ng/mL) versus-awhritic mice (CIA) that
had levels of approximately 50 ng/mEigure 3.2B). A significant elevation of galecth

was also shown in rat C(8hou et al. 2006)

Modelling and measuring the direct effect of a physiologically relevant concentration of
galectin3 during inflammatory arthritis was not achievable given that the concentration of
galectin3 could be up to 150 times greater than originally anticipated iexavivo system.

The mechanisms by which galee8ndirectly, or indirectly, impacted upon vascular
inflammation and function was therefore investigatedviva GB1107 was used as a tool to
modulate galectir3 in viva GB1107 is a specific orally active smadlecule inhibitor of
galectin3. It had been used in the laboratory previously in a therapeutic capacity in CIA
(Section 3.}, and had also been usedamouse model of lung cancévuong et al. 2019)

to inhibit inflammatory pathological responses.

60



Chapter 3

(A)

,\15' -~ - Galectin-3 Rmax 8.6mN
=z
E -~ + Galectin-3 Rmax 9.6mN
c
O 10
2
@
|_
©
2 5-
o
0]
>
()]
Q

0_

| T T T T T 1
10 9 -8 -7 6 -5 -4
Log [5HT]
(B)

250+
S —~ o
T £ 200- o
f<ls)
8 £ 150+ B —
oy
O 1 oo
O £ 100- &
© O =
£ Qo
§8 50+ —I%:lfl—

0_
1 1
-CIA +CIA

Figure 3.2: Galecti#3 does not play a direct role in vascular dysfunction in inflammatory arthi

(A) Thoracicaortas from healthy male DBA/1 mid¢e=12)were harvested and mounted on t
myograph. Galecti3 was added to the myograph bath for 2 hours prior to measuring 5HT in
constriction responses (B). Plasma from CIA rfie®)was harvested and a galecthELISA w
performed. Significance was calculated by unpairgdst where **** = p<0.0001 Graphs ar
shown as mean + SEM.
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3.2.3Vehicle with bettein vivosafety and solubility profile for GB1107 tested in CIA

Partial restoation of ClAassociated constriction responses was achieved previously in the
laboratory using a single administration of 10 mg/kg GB1107 given orally, using the vehicle
10% solutol in PEG300. GB1107 was dissolved at its solubility limit in this vehtblesto
experiments. However, constriction responses were not fully restored to the Rmax values
recorded for normal mice, nor did plasma galeaimeturn to the nonCIA level in these
initial experiments.There was no scope for a dose escalation studggu&0% solutol in
PEG300.

Therefore, propylene glycol and HPMC was tested as an alternative véhigleostudies

by Galecto Biotech showed this vehicle had better solubility and safety profilesl®tan
solutol in PEG300Propylene glycol and HPMC assafe and well tolerated vehicle in
pharmacological experiments using mi€Ehackaberry et al. 2010Studies using (6
propylene glycol, 0.5% HPMC as the vehicle for GB1107 inhibited lung adenocarcinoma
when administered once a day (10 mg/kg) in CD1 iMceng et al. 2019)

Mice were dosed once daily wittD mg/kgGB1107 in @% propylene glycol, 0.5% HPMC
from Day?21 of the CIA induction protocol through to Day 30. The incidence of CIA was
matched with expectations from previous experiments conducted by previous PhD
students. Incidence of 85% was reached by Day 29 and achieved 100% by Bayui@0 (

3.3 A. The daa presented inFigure 3.3is representative of 2 independent experiments.
One experiment was terminated on Day 30 and the other was terminated on Day 29. The
end date was dictated by the severity limits specified in the project licence. All mice with
CIA HPMGvehicle and GB1107 groups) lost weight which was significant compared to mice
without CIA (p<0.01Figure 3.3 B Paw diameter measurements, paw score and clinical

score assessments were comparable in CIA mice given GB1107 versus Fehioe3.3 C
¢B.

Individual ClAexperiments using small numbers of mice had not previously shown
significant impact on macroscopic measures of arthritis severity. Nosdess, dramatic
differences in vascular constriction responses (GB1103usevehicle) were consistently
recorded. The primary outcome of this Chapter was functional, not pathological, so

changes to vascular constriction responses were measured next.
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Figure 3.3: Clinical indices of arthritis were not affted by treatment with GB1107 in HPN
vehicle

Inhibition of galectiA3 with GB1107 during CIA (n=7) showed accelerated progression of a
when compared to vehicle treated group (n=5). (B) Percentage of weight change in mice witt
(n=6),vehit S 6y TIp0 YR D.mMMAT O6YyIlT0® FrlLF ndam
posttest. (C) Paw diameters of both hind paws were measured daily until termination. (D) Pa
from all four paws from Day 24130 (left) and at termination (right)E) Clinical score is the sun
the four paw scores from each mouse. This data is indicative of 2 independent experiments
one experiment was terminated on Day 29 and the other was terminated on Day 30. The
points on Day 30 represents datai 1 experiment. Graphs are shown as mean + SEM.
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3.2.4 5HT induced constriction responses unaffecte@diy/107 irCIA

Vascular constriction responseg&re measuredy myographysing aortic rings from mice

with CIA that had been given GB1107 or HRMRicle(seeSection 2.2for methodology.

Mice that had not been exposed to the CIA induction poot (CIA) provided a baseline
(Rmax of 7.7 mN) which CIA constriction responses were compared against. The mean
Rmax value for CIA groups was 5.2 mN and 3.9 mN for mice given-\RMIE and
GB1107 respectivelyFigure 3.4 A Constriction responses wersignificantly decreased
between -CIA mice and CIA mice treated with GB1107 (p<0.05). Therefore, GB1107
dissolved in HPM&ehicle did not restore 5HT induced constriction responses. This was
contrary to previous results that consistently showed restonmatad constriction responses

in mice with CIA given GB1107 in 10% solutol in PEG300. This restoration of aortic
constriction responses was accompanied by a reproducible and significant reduction in
plasma levels of galecti®. It was for this reason thatvels of galectifB were measured in

CIA mice given HPM@hicle and GB1107 dissolved in HR¥Gicle.

Circulating levels of galecti®were higher but not significantly different for the CIA group
given HPM@ehicle versus naivCIA nice. The levels of galecthin plasma from the CIA
group given GB1107 was significantly higher (p<0.01) thanGh& group Kigure 3.4 B

This contradicted previous findings from the laboratory that consistently showed a
reduction in plasma levels of galec®nby GB1107 during Cl@alectin3 levels inthe -CIA
groupwasin the region o0 ng/mL compared against8.7+ 1.6 ng/mL (meant SEM)in
previous experimentsMice with CIA, treated with GB1107 and HR&bicle group,
recorded galectir8 levels of between 75 and 200 ng/mL. This was substantially higher than
previous experiments where levetd galectin3 were61.6 £+ 6.8 ng/mL for mice with CIA

that had been giveri0% solutol in PEG3@8 the vehicle control

In conclusion, HPM@ehicle was not a suitable carrier to conduct dweaaging
experiments with GB1107 in CIA. The loss of function of GB1107 suspend&Mi@ H
vehicle and the heightened levels of plasma gale8ttdid not warrant further investigation

using this vehicle in CIA.
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Figure 3.4: No change in vascular constriction responses or circulating gal@dtinmice treatec
with GB1107or vehicle

Myography is used to measure constriction responses of the thoracic aorta to 5HT. (A) Mice
with GB1107 in HPMC vehicle (n=7) showed decreased constriction responses when com
vehicle treated (n=5) and nearthritic mice (n=7). ignificance is calculated by twway ANOVA wil
Sidakposttest where *=p<0.05. (B) Plasma from CIA mice was harvested and a g8I&dtiSA w
performed. Graphs are shown as mean + SEM and significance is calculatedvisgyoABIOVA wil
Tukey post test** = p<0.01.
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3.2.5 Reformulation of GB1107 in 10% solutol/PEG300 enabled oral administration
galectin3 inhibitor at 20 mg/kg

10% solutol in PEG300 was established as a suitable carrier for GB1107 in CIA. GB1107 (10
mg/kg) caused systemic levels of gale@irto drop significantly and induced partial
restoration of vascular constriction responses in CIA when resuspendsePsnséutol in
PEG30QSection 3.}). In order to achieve full restoration of constriction responses, an
initial oral administration of 20 mg/kg GB1107 was targeteibuble the amount given in
previous studies from the laboratory. A new formulation method watdshed which
pushed GB1107 to its maximum solubility of 2 mg/mL in 10% solutol in PEG300 (see
methodology inSection 2.34). In order to reduce the potential for choking, distress and/or
discomfort caused to the mice by the procedure, the volume of tamugiven per
administration was halved. This factor was also taken into consideration for dose escalation
to 20 mg/kg of GB1107 and therefore the total was administered over 2 gavages rather
than one bolus. Three treatment groups were assigned in thegeeranents; vehicle,
GB1107 (10 mg/kg) and GB1107 (20 mg/kg), where the inhibitor was given once or twice
each day respectively. Spreading the higher GB1107 dose over two administrations was
also thought to improve the bioavailability of the inhibitor. Gariction responses to 5HT
decreased with increased CIA sever{fgeynolds et al. 2012)For this reason, two
endpoints were selected, Day 27 and Day 30. Day &7 aliasen as this is the timepoint
where 6080% mice that received the CIA protocol had arthriisdtion 3.2.), but CIA was
macroscopically mild in nature. This gave maximum opportunity to see a change in
galectin3 levels, constriction responses, andhaitis measurements. Day 30 represented

the chronic phase of CIA that would be used for comparison against the earlier study in this

Chapter.

Mice showed the first macroscopic signs of arthritis on Day 25. CIA escalated rapidly in
mice given vehicle and GB1107 (20 mg/kg); 100% incidence was reached by Day 28 in both
groups. By Day 30, mice given GB1107 (10 mg/kg) also reached 100% inditpumee3.5

A). All mice with CIA had significant weight loss when compare@ii# controls (p001;

Figure 3.5 B Two mice from the GB1107 (10 mg/kg) and one from the GB1107 (20 mg/kg)
groups reached the severity limit for weight loss stipulated in the project licence. Paw
diameters, paw scores, and clinical scores steadily increased from Dayi#send of the
experiment Figure 3.5 @ E). No significant differences in arthritis severity was recorded

between the 3 groups studied for any of the parameters measured.
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Figure 3.5: Treatment with GB1107 (10 mg/kg and r8@/kg) had no effect on clinical disease

CIA.

Inhibition of galectiA3 with 20mg/kg/day GB1107 during CIA (n=5) showed accelerated progr
of arthritis when compared to 1@ng/kg/day GB1107 (16} and vehicle treated group (n=12).
Percentage ofveight change in mice with no CIA (n=13), vehicle (n=12ndlkg/day GB1107 (16}
and 20mg/kg/day GB1107 (n=5). (C) Paw diameters of both hind paws were measured da
termination. (D) Paw score from all four paws fr@ay 21- 30. (E) Clinical ece is the sum of th
four paw scores from each moudeataare shown as mean + SEM.
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3.2.6.1 PVATassociated anctirculating levels ofgakctin-3 were unaffected by
GB1107 (20 mg/kg) in CIA

GB1107 (10 mg/kg) had wmsistently reduced tissue expression of gale®irnin the
perivascular adipose tissue (PVAT) associated with the aorta durindgd€mification of
targets for the prognosis and/or treatment of vascular pathology associated with
inflammatory  arthritis  PhD. thesis Cardiff University ORCA reference:
http://orca.cf.ac.uk/id/eprint/121975. This histological change was evident in the absence

of any change in the macroscopic progression of CIA.

FFPE sections through aortae harvested from vehicle and GB1107 (20 mg/kg) groups of
mice with CIA were stained for galecBn Plasma from the same animals were also
analysed by ELISA for gale€dito determine if increasing the dosé GB1107 to 20 mg/kg

had altered either local and/or systemic levels of gale8titGalectin3 expressing cells as a
percentage of total cells was comparable in rauthritic mice (CIA) and mice with CIA,
irrespective of treatment group (vehicle versusi@B7 (20 mg/kg) on Day 2Figure 3.6 A,

B). Galectir3 levels were significantly elevated in plasma from vehicle and GB1107 (20
mg/kg) groups when compared again€iA norarthritis controls (p<0.001). No difference

was measured between the treatment gnps Figure 3.6 L
3.2.6.2GB1107 reduced CD&&ll accumulation in PVAT

ClAfeatures T cells as part of its patholddshinger et al. 2001)5alectin3 is expressed in T

cels and can modulate their activatiofGilson et al. 2019)To learn more about the
galectin3 regulated inflammatory environment within PVAT during CIA it was important to
establish if T cells were presentthe tissue at such an early stage in arthritis progression.
Immunohistochemistry for the-Tell marker CD3 revealed strong positive staining in PVAT.
Furthermore, CIA tissue showed increased accumulation of T cells in the PVAT versus tissue
from nonimmunised mice without arthritis -CIA). Treatment with GB1107 (20 mg/kg)
significantly reduced the percentage of CD3 expressing cells in Pigaiie(3.6 D, E

T-cellsmodulate vascular inflammationn a variety of ways for example,by stimulating

IFN- LINB®R oireidsing vascular reactive oxygen species and vascular leukocyte
infiltration - which in turn impact on the ability of the blood vessel to constrict and dilate
Constriction responses to 5HT were determined to gauge if the GBAd€dtiated
decrease in CD3 T cells during CIA had any effect on the function of the thoracic aortas. On
Day 27, there was no significant difference in constriction responses betweerhtbe t

groups analysedCIA (Rmax of 8.0 mN) and ClA/vehicle (Rmax of 6.6 mN) and CIA/GB1107
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(Rmax of 6.1 mN). Constriction responses in4BEA group recorded thexpectedRmax
values, in line with previous experimengxeviouspublished data(Sime et al. 2017)and

the results presented in this Chaptdfigure 3.6 F Surprisingly, and for the first time ever,
there was no significant Glssociated reduction in constriction responses recorded using

the established myography protocol.
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Figure 3.6 No change in local and systemic gale8tilevels at Day 27, but a reduction incEell
accumulation following CIA induction in response to GB1107

(A, B) No difference in PVAT expression of gak&ctiras observed in mice treated with 20 mg
GB1107 in PEG300 vehicle (n=4) or vehicle only (n=4). Positive staining is denoted by bla
and was quantified using ImageJ FIJI software. Scale bguigalent to 50uM. (C) There was |
difference in circulating galecti8 levels in mice treated with 20 mg/kg GB1107 when compar
mice treated with vehicle. (D, E) Mice treated with 20 mg/kg GB1107 had significantly de:
CD3T cells in the PVA¥hen compared to vehicle treated mice. (F) There was no difference i
induced constriction responses in mice treated with 0 mg/kg or 20 mg/kg GB1107 when co
to -CIA controls. Graphs are shown as mean + SEM and significance is calculatedvay &iNOV
where *=p<0.05 and **=p<0.01
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3.27 T cellassociateatytokinelFNgraised onDay 270f CIA

Given that T cell accumulation in the PVAT was reduced by GB1107 (20 mg/kg) at Day 27, T
cell associated cytokes were measured by multiplex assay to probe for arthritis

progression/resolution markers altered by GB1107.

Plasma levels of IFNTNF, IL6, IL17A, IE13, and k22 were quantified. Mice given
vehicle had significantly elevatedrN (p<0.05; Figure 37 A) compared against mice
without arthritis (CIA group). The CIA group given GB1107 (20 mg/kg) recorded reduced
levels of IFNversus the CIA group given vehicle. There was no significant change in any of

other cytokines (CIA verstGIA) measured-{gure 37 B-F).
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Figure 37 Systemic levels of proinflammatory cytokines in mice with CIA treated with GB1107
To determine if GB1107 elicited any effect on systemic levels ofnfleommatory cytokines at Day 27, plasma was harvested from mice and a LEGENDplex
multiplex assay wasguformed.(A) IFN (B) TN (C) IE6. (D) IEL7A. (E) H13. (F) 122. Data are shown as mean + SEM and significance is calculated-tapne

ANOVA where * = p<0.05.
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3.28 No difference in vascular constrictiorcoeded between mice with and without
CIA at Day 30.

Contrary to previous findings in this thesidgure 3.) and published dat@Williams et al.

2016; Sime et al. 201here was no significant difference in constriction responses
recorded betweencCIA and CIA at Day 30. This was unexpected and unprecedented given
the severity ofthe CIA. Day 30 assessments with GB1107 (10 mg/kg) served as a direct
comparator to earlier experiments in this Chapter and previous experiments conducted in
the lab using this GB1107/vehicle combination. There were no significant differences in
Rmax acrasthe groups at Day 3Figure 38 A). The result was a major concern because it
provided the first evidence that the CIA model was not fit for purpose for investigating

restoration of constriction responses by GB1107, in this group of animals at least.

For completeness and to compare against the Day 27 data collated for these experiments,
galectin3 was measured in plasma samples by ELISA. Galeldirels were significantly
elevated in all treatment groups at Day 30 when comparedreatment naive mice
without arthritis (Figure 38 B). There was no significant difference in gale@ilevels when

plasma from vehicle, GB1107 (10 mg/kg) and GB1107 (20 mg/kg) were compared.

Sections from formalin fixed paraffin dradded (FFPE) blocks of thoracic PVAT from mice
with CIA (vehicle and GB1107 groups) and mice without arthrliBA] were stained for
galectin3. There was no difference in the percentage of gale8tiositive cells in mice
treated with vehicle or GB170(10 mg/kg) when compared t&€IA controlsKigure 38 C,

D). These findings together with observations from Day 27 signified that the model was
drifting away from previously established galeesindependence for functional and
inflammatory pathologicalgadouts in the thoracic aorta during CIA. By Day 30 there was
no difference in CD3 T cells in the PVAT between@a control group and +CIA groups
(Figure 38 E, B. Whilst levels of CD3 positive T cells were comparable (10% of total cells) in
the -CIAgroup on Day 27 and Day 30, the percentage of CD3 positive T cells in mice with
CIA (vehicle and GB1107) was restored to the same basal level by Day 30.
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Figure3.8 No effect of GB1107 on constriction responses, systemic and local gal@ctavels or
cell accumulation at Day 30 of the CIA model.

(A) 5HT induced constriction responses in mice treated with vehicle (n=8), 10 mg/kg (n=6), 2
(n=1) GB1107 ahcompared to-CIA (n=9) mice. (B) Plasma was harvested from mice at Day
galectin3 levels were quantified by ELISA. Significance is calculated byaygnANOVA. * = p<0.(
**xx = p<0.0001. (Cg F) FFPE sections of PVAT were stained for galgatiid CD3. Positive staini
is denoted by black arrows and was quantified using ImageJ FIJI software. Scale bar is equ
50 uM. Data are shown as mean + SEM.
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3.2.9 ©nstriction responses #moracic aorta reducedt Day 21 ofCA

Based on the results of CIA experiments terminated ay B7and Day 30 of CIA it was

Of SFNJ GKIFIG GKS Y2RSt gla RAFTFSNBYG FNRBY Sal
hypothesis for this Chapter both in terms of its vascular fiemcand its dependence on

galectin3. The cause of the changing pattern of PNd&3ociated expression of galee8n

and circulating levels of galect® (CIA versus CIA) was unclealevated baseling-CIA)

galectin3 levelsmight accelerate the progresonrate inthese studiesversus the studies

conducted in the labratory in previous yearsHere ClAprogressedfrom initiation to a

severe phenotype in a timeframe of 4872 hours In previous studieprogression was

slower, spanning 4 5 days, andvas controllable by GB1107. It was time teenaluate the

current status of the CIA model.

The first step was to establish galee8nlevels in age matched immunised versus hon
immunised DBA/1 mice without arthritis. This would detémmif the raised plasma levels
of galectin3 observed in CIA and previously attributed to arthritis development was an
artefact of the immunisation protocol. Galectihlevels at Day 21 of CIA were quantified
and compared against nemmunised, agenatched mice. There were no significant
difference in circulating galecti® levels between noimmunised and immunised mice
(Figure 3.9A). A mean level of 43.4 ng/mL was measured in-momunised mice versus
50.8 ng/mL in immunised mice without macroscopicnsigof arthritis This finding
confirmed that the arthritis associated with CIA, rather than the immunisation protocol,
caused the elevation in circulatingalectin3 observedin this Chapter. The levels of
galectin3 recorded on Day 21 of CIA was comparatith that of severe CIA from previous
studies by Dr Sime. This raises a possibility that an environmental factor(s) may be

contributing to raised levels of galecttin DBA/1 mice.

Cardiovascular disease can precede joint diseageeinmatoid arthritis patients, indicating
the breach of tolerance and autoimmunity activity is occurring in the vasculature before
symptoms develofgFoster et al. 2012)Taking this into accounHT induced constriction
responses were measured @ay 21 of the CILAThis provided new data that would
determine f the ClAmodel mirrored the vasculopathy associated with tipeeclinicalphase

of RAwhenthe immune system is primed but macroscopic arthigigbsent.

Mice were immunised with type Il collagen on Day 0 (+ immunised) andcutéed on Day
21 of CIA induction protocol. 5HT induced constriction responses were measured in rings

from the thoracic aortaby myography. Noimmunised {immunised) agenatched mice
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were used for comparison. Neémmunised mice had a Rmax of 9.9 mN. Immunisécke

had significantly decreased constriction responses (p<0.0001) with a Rmax of 7.0 mN
(Figure 3.9B). This was the firdime that constriction responses werecordedon Day 21

of the CIA model. The difference in Rmax (+immunised veisusunised grops) was
striking (2.9 mN) and a larger difference than the differences betwesA and +Clice

on Day 30.
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Figure 3.9:No change incirculating galectin3 levels in immunised mice but dgnificantly
decreased 5HT inducecbnstriction responses

Mice were immunised with collagen in CFA (n=12) and culled on Day 21 of the CIA pi@Y{
Plasma was harvested from mice and circulating gale&tavels were quantified. Graphs are shc
as mean + SEMB)Immunised mice hee significantly decreased constriction responses comp
to nonimmunised controls (n=11). Data is shown as mean + SEM and significance was calc
2-way ANOVA with Sidak pestst. ****=p<0.0001.
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3.2.10 Significantly elevated galeedimnd CD3 T cells in immunised micBat 21
of the CIA protocol

Inflammation in the vasculature can result in the production of cytokines, growth factors
and mediators that cause immune cell iltmation, which act on the blood vessel in a
paracrine manner directly to promote chronic inflammatory phenotype within the tissue
(Sullivan et al. 2000) Thoracic aortae and PVAT meestained for galecti by
immunohistochemistry to determine if galectthhad a role in modulating localised tissue
inflammation in the preclinical phase of CIA. Thoracic aortae from immunised mice had
significantly higher (p<0.05) numbers of gale@&iaxpressing cells in the associated PVAT
when compared to tissues from nemmunised mice Kigure 3.10 A The average
percentage of cells staining positive for galeginn norimmunised mice was 8%
compared to 16% in immunised mice. Aortae were alsined for CD3 as a marker for T
cells. There was a significant elevation of CD3 T cells (p<0.01) in the PVAT from immunised

mice (average of 21%) versus 10% in the-imamunised groupKigure 3.10 B
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Figure3.10 Significantly elevated galecti and CD3 cells in PVAT of immunised mice at Day

the CIA model.

FFPE sections of aorta and surrounding PVAT from immunised (n=5) aimdmonised (n=5) mic
were stained for galectd3 and CD3 T cells. Positicells are denoted by black arrows w
quantified by ImageJ FIJI analysis. Scale bapd/5ataare shown as mean = SEM and significz
is calculated by-test where * = p<0.05; ** = p<0.01.
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3.2.11 Elevated T calbsociated cytokes in mice immunised with Type Il collagen

T cell cytokines were measured by multiplex assay on plasma from immunised and age
matched norimmunised mice. The Thl cytokine {FMas significantly elevated in
immunised mice (p<0.00Eigue 3.11 A. The preinflammatory cytokines TNFand 11-6

were also elevated in immunised mic&idqure 3.11 B, Xindicating that although
macroscopic arthritis has not yet occurred, systemic inflammation is present. The systemic
inflammation that was indepndent of galectin 3 may also contribute to impaired vascular
constriction responses in immunised mice. Additionally, although Th1l7 related cytokines
were not increased at Day 27 of the model2B_was elevated at Day 2Figure 3.11 J-

This indicated that a Th17 response may be an early inflammatory pathway involved in CIA

and that there is definitive T cell dysregulation in CIA.

This Chapter showed that CIA in DBA/1 mice, in its present phenotype, is nopiirparse

to determine galectif3 mediated mechanisms implicated in vascular inflammation and
function during the chronic, progressive phase of the model. The window of opportunity to
study early vascular inflammation regulated by gale@timay be narrow iad should be re
evaluated. The role of GB1107 in correcting the vascular dysfunction associated with
inflammatory arthritis should be studied in an alternative, less aggressive model. To my
knowledge, vasculopathy and associated vascular dysfunction Haseea characterised

in another inflammatory arthritis model. In light of thi§€hapter 5of this Thesis will
investigate if the antigetiinduced arthritis model is appropriate to study the effect of

galectin3 on arthritisassociated vascular constrictioresponses.
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Figure 3.11 Systemic levels of cytokines in collagen immunised mice, prior to the onset of macroscopic arthritis.
To quantify T cell and inflammatory cytokines in immunised mice, a LEGENDplex multiplex assay wascerf@asma(A) IFN. (B) TNF. (C) It6. (D) ILL7A.

(E) IK13. (F) #22. Graphs are shown as mean + SEM and significance is calculaiaigrametric ttest. * = p<0.05; ** = p<0.01; *** = p<0.001.
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3.3 Discussion

Bacterial infections and the local housing environment impact the CIA model

The aim of this Chapter was to test the hypothesis that galeits a critical mediator of
vascular inflammation in arthritis. It is wigebktated in the literature that galectfl is
elevated during systemic inflammation, and knockout gale8timice have shown
alleviated disease pathology in antiggmuced arthritis models(Forsman et al. 2011)
experimental autoimmune encephalitis (EAE@)ang et al. 2009)and CorA induced
hepatitis (Radosavljevic et al. 2012Jhe presence of defectiveascular constriction
responses in the CIA model gives a functional phenotype in which to measure vascular
inflammation and the effect of pharmacological inhibition on vascular inflammation of
various therapeutic targets, including galeeBn The identifiation of galectin3 as a
potential driver of systemic inflammatory disease; the presence of an ability to measure
vascular inflammation; and elevated galeeBrevels in CIA to allow for the assessment of
galectin3 inhibition makes CIA an appropriate nebdo study the role of galecti8 in
inflammatory arthritis. Experiments to investigate the role of galee8nin vascular
inflammation utilised a novel galect®inhibitor, GB1107. Initial GB1107 experiments used
propylene glycol in HPMC as a vehitlewever, efficacy of GB1107 was not observed in
these experiments. It was noted that GB1107 did not remain in solution for long periods of
time during the administration of GB1107 to the mice. The poor efficacy observed may
therefore partly been due to GBOZT dropping out of solution shortly after entering the
stomach, meaning poor absorption to the bloodstream. Another possible reason is also due
to the environment of the animal housing facility at Cardiff University. The GB1107 in
HPMC vehicle data preset in this ChapterHigures 3.3 and 3)4vas combined data from

two independent experiments conducted over a d-month period. During the second
experiment, we were notified of a Pasteurella bacterial infection outbreak in the housing
rooms in the animafacility. Mice were placed on broaspectrum antibiotic enrofloxacin
(also known as Baytril) antibiotic treatment from Day 1 to Day 7 of the protocol. Incidence
wasslightlylower than anticipated in this experimenihile still within the expected range

for the model,with a total incidence of 80% upon termination. This finding is consistent
with a study conducted by Rogiet al showing that changes to the intestinal microbiome
during the preclinical phase of CIA attenuates arthritis. The use of lspEzirum
antibiotics during the prelinical phase of CIA (prior to the booster injection on Day 21)
resulted in almost complete loss of any bacteria in the Bacteroidetes phylum in the

intestine (Rogier et al. 2017)However, in anothertady published by Dorozynsket al,
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treatment with enrofloxacin prior to and during CIA shown to exacerbate the severity of

arthritis, by depletion of natural gut flor 52 NR d & Z& | . T&elidiffdrehc®ds H A Mn 0
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phases ofarthritis. However, the mice in the experiments presented in this Chapter were

only treated with enrofloxacin in the preclinical phase of CIA. It is possible that the
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and that may elicit different effects on the immune response against collagen.

Nonetheless, while antibiotic treatment affected the incidence of arthritis, the poor
efficacy of GB1107 was observed in both experiments, where onlyegperiment was
affected by an irhouse bacterial infection. The incidence and parameters of arthritis
measurement for the individual experiments can be seeSupplemental Figures 1 and 2
to show that regardless of the infection state of the housing ,uthiere was still a lack of

efficacy of GB1107 in HPMC vehicle.

The timepoints and dosing in these experiments were the same as in previous experiments
where efficacy of GB1107 was observed. The only variant in these experimentsigras p
experiments conducted in the lab and describedbaction 3.1used a different vehicle for
GB1107 than the current experiments. Therefore, the logical explanation was to use the
vehicle that has previously shown efficagy10% solutol in PEG300. Sdlify tests were
conducted to ensure maximum solubility of GB1107 but with minimal invasiveness in the
mice. DBA/1 mice are smaller than typical C57BI/6 wild type mice and weigR2§rams

in adulthood. Therefore, oral gavage is a highly invasive proedd these mice and due to
their size, the stomach can only hold small volumes of liquid at any one time period. The
solubility tests were performed to ensure the mice received a dose that was in a
therapeutic range, but also an appropriate volume foertinto tolerate. GB1107 made into
suspension at a concentration of 2 mg/mL remained stable in solution at a physiologically
relevant temperature of 37C, and so mice could be dosed up to 10 mg/kg per dosing. The
dose range experiments in this Chaptesed a single daily dose of GB1107 at 10 mg/kg or a
twice daily dose of 10 mg/kg, equating to a total daily dose of 20 mg/kg. In all experiments,
incidence occurred at Day 25 and 100% incidence was typically reached by bag.27
Following from Day 28,he arthritis observed progressively worsened with larger paw
diameters and increased paw and clinical scores, which is in keeping with previous studies
(Sime et al. 2017)Therefore, to allow for the maximum therapeutic effect to be seen,

some mice were terminated on Day 27, when arthritis had just reached 100% incidence
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and was mild (paw score <5), and others were treated until Day 3Qeandnated, as in

other CIA experiments. Mice terminated on Day 30 was used as a comparator to previous
experiments conducted in the lab. Of note, two mice were also dosed with 20 mg/kg
GB1107 until Day 30 to determine if the enhanced dosage would achidvgalectin3
inhibition when arthritis had progressed from mild to moderate/severe. However, one
mouse was culled during the experiment due to health issues unrelated to the model,
therefore resulting in one data point iRigure 3.7 The data shown ifigure 3.5followed

the same group of animals in the same experiment, with different endpoints on Day 27 and
Day 30. However, there was no change between vehicle, 10 mg/kg, or 20 mg/kg GB1107 in
arthritis parameters, constriction responses, or circulatiategtin-3 levels was observed at

either endpoint.

There is no effect of GB1107 on constriction responses, at 10 mg/kg or 20 mg/kg, which
confirms that therewasno efficacy in GB1107 at either dose. Moreover, of note was the
poor constiction response in the naiveCIA group. This group consistently showed lower
than average constriction responses across 3 independent experiments for-Gafvenice.

Any technical or equipment related issues was ruled out by performing myography on
C57®/6 mice and other batches of DBA/1 mice, and both groups showed normal and
expected constriction responses to 5HT. Therefore, it can be argued that this is an
experiment specific issue. The animal facility had parasitic Pinworm infection outbreaks
over the course of these studies. Mice were tested for Pinworm for the duration of one
experiment, and the subsequent results returned clear and no pinworm was detected in
that batch of mice. However, constriction responses from the naGi& mice in those
expeliments were still lower than average. Concordant with this, baseline circulating
galectin3 levels were ~50ng/mL which is in line with CIA experiments over the course of
the experiments in thighesis but is twice that of galect® levels in previous yesuof the
model. There have been reports within the users of the animal facility at Cardiff University
that other inflammation studies have also been affected by the naive control mice having a
higherthan-average baseline inflammation. It has been hypoibed that the dietof the

mice has a high fat content, which may be leading to low grade inflammation and
alterations to the microbiome. Therefore one can suggest this can have a significant
impact on the immune response and severity of the diseasdeisand this may be the
reason for the lower than average constriction responses in-@l& mice, but definitive
studies were not carried out at the time of writing. However, this hypothesig not fully

explain the normal constriction responses obsehig naive noimmunised DBA/1 mice
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culled at Day 21 in the CIA protocol, who are on the same diet as Day 27 and Day 30 naive

CIA mice.

Therapeutically targeting galectiin CIA elicits a T cell dependent response in the

inflamed \asculature

While there were differences observed in systemic levels of inflammation, tissue levels of
inflammation were also investigated to determine if GB1107 affected the local
inflammatory environment. The absence of any differeircidssue expression of galecth

and CD3 T cells at any dosage of GB1107 at Day 30 shows that the inflammation has
reached a point where it is too severe and has passed the point where the role of gélectin

in inflammation can be investigated by use@B1107. While there were no differences in
systemic inflammation across groups on Day 27, the significant decrease in tissue
expression of CD3 T cells and a trend towards the return of gal@céixpression to
baseline indicated that inflammation could begulated at this timepoint. While significant
differences in galectid tissue expression was not achieved across groups, there was a
trend towards increased galecti® levels in the 0 mg/kg group and a trend toward
decreased galecti3 expression in the0 mg/kg dosage group. However, n numbers were
low (n=4 per group) and this experiment would need to be repeated to determine if the
trends observed were true differences in expression. The significant decrease in CD3 T cells
in mice dosed with 20 mg/kg GBO7 indicates that galecti may act by regulation of T

cell infiltration to tissues. Galecti® has been recognised as a negative regulator of T cell
activation in CD4T cells(Chen et al. 20099nd so perhaps has a role in inflammation by
modulation of T cell expression and function. The quantification of circulating cytokines at
Day 27indicated that GB1107 did not affect systemic inflammation. Levels of [ANF X

and IL6 increased in CIA mice, and importantly their levels were unchanged by treatment
with GB1107. CIA is considered a Thl dominant disease and is associated with high
production of IFN (Zhang 2007)This indicates that the macroscopic phase of arthritis may

be Thl Tcell driven. Both TNFand IL6 are drivers of inflammation ahalthough not
significant, are elevated at Day 27 of the model. THIRys a key role in CIA and amtlF
treatments have shown to significantly ameliorate joint dised¥élliams et al.1992;

Notley et al. 2008)Furthermore, 16 is required for the induction of C{Alonzi et al. 1998)

and inhibition of It6 and TNF are first line treatments for RA patien{Ma and Xu 2013;
Ogata et al. 2019)Therefore, the trend towards heightened levels of these cytokines is as
expected, and lack of significance is likely tuw n numbers. H13, a negative regulator

of I-17A secretion from Th17 cellslewcomb etal. 2012) and IE22, a Th17 cell cytokine
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(Liang et al. 2006)evels did not change upon induction of arthritis. Of notel 1A levels
were higher inCIA mie than in mice with CIA.-Il7A functions in initiating a host immune
response to bacterial and fungal infectioidin and Dong 2013)Given the repeated
infection outbreaks in the animal house, it is possible H&GIA mice had the early stages of
infection upon termination. However, it is difficult to say without a definitive confirmed

test.

Regardless, the lower than average constriction responses and higher baseline galectin
levels in-CIA mice at Day 27 and Day 30 led to changing the timepoint at which to test the
hypothesis that galectd® mediates vascular inflamrian in inflammatory arthritis. At Day

30 of the CIA model, inflammation is progressive, and it is therefore challenging to study
the regulation of galecti8. Furthermore, while local tissue expression had differences
between groups at an earlier endpoiof Day 27, there were still no systemic changes in
macroscopic arthritis, constriction responses, or circulating cytokines between treatment
groups, resulting in Day 27 being an inappropriate timepoint to investigate the role of

galectin3 on vascular ithmmation.

Tissue expression oflgatin-3 and T cellare elevated in preclinical stages of

diseaseand may contribute towards defective constriction responses

Vascular inflammation can precede joint pathology and so the timepoint to test the
hypothesis shifted to Day 21 of the CIA model. Day 21 was chosen as the timepoint as it is
considered the baseline of disease, as ho macroscopic arthritis has developte Imice

are immunologically primed, therefore mirroring the preclinical phase of human disease.
During the preclinical phase of rheumatoid arthritis, proteins are citrullinated which leads
to activation of T cells and production of antibodies by B célsding to subclinical
inflammation (Holers 2013) However, to my knowledge, vascular inflaation in the
preclinical phase of disease has not been studied in models of inflammatory arthritis.
Although there was no difference in circulating gale@iat Day 21, constriction responses
were significantly decreased in immunised mice. This findifagrits us of two points: 1)
initiation of dosing mice with GB1107 at Day 21 is an appropriate timepoint as g&dectin
levels are not already raised and 2) defective constriction responses occur independently of
a direct effect of galecti3. However, galeai-3 may be having an indirect effect by driving
inflammatory processes in immune cells. Gale@tiknockout (gals3-) mice have shown

to have decreased circulating T and B cells during helminth infe(@iceuilh et al. 2007)

Galectin3 is highly expressed in macrophage®d éhas shown to be essential for the

88



Chapter 3

promotion of a prefibrotic phenotype(Henderson et al. 20085alectir3 is also expressed
f20Lffte Ay |GKSNRaOf SNRGAO LI FljdzSa |yR Aa
inflammation due to promoting monocyte chemoattractigRapaspyridonos et al. 2008)
While galectind3 has been widely recognised as i@ activated and secreted by
macrghages, it has also been recognised to be expressed in activatedaG®DLD8T
cells. T cells, namely CD4dlper cells further propagate inflammation by differentiating

to pro-inflammatory T cell subsets and facilitating the release of-ipflammatory
cytokines to the local environment. The significant increase in tissue expression of T cells at
Day 21 of the model mirrors preclinical Rée Hair et al. 2014)Moreover, increased
galectin3 expression in immunised mice indicates that gale8timay have a role in
preclinical inflammation. This could be investigated in future work by the useais3-

mice in the CIA modelnad measurement of vascular constriction responses to obtain a
defined role of galecti8 in this disease setting. Alternatively, galee@imay be promoting
inflammation indirectly via T cellblotably, the concurrent heightened galectinand CD3 T

cell expression in the PVAT could indicate a potential relationship between gaRetid T
cells in early inflammation. Moreover, significant elevation of! [lNimmunised mice
further suggestshat CIA is a Thl dominant disease. AlthoughhTanfe 11-6 levelswere not
significantly increased in mice at Day 27, they were significantly raised in immunised mice
at Day 21, indicating that Day 21 is a good model of precliRidzdnd that inflammation
precedes the development of macroscopic arthritis. Furthermaiegulating cytokines
guantified in preclinical RA patients also have elevated ,IFNNF and 116, further
highlighting the relevance of Day 21 as a model of preclinicaKRkkonen et al. 2010)
Preclinical RA patients also have elevate?,llwhich is elevated in immunised mice
(Supplemental Figure ¥ There was no difference in circulatingllilA or its regulator, L

13, but there was a significant increase in Thl7 associated cytoki@@, itLimmunised
mice. 1122’ mice are less susceptible to the development of CIA af? Ils known to
promote csteoclastogenesis in C{&eboes et al. 2009 herefore, although there was no
difference in circulating {22 levels across groups at Day 27, it is possible that Th17 related
cytokines contribute early stage of inflammation in C@hapter 4of this Thesis will
investigate the role of galecti3 in these T cells. Nonetheless, as gale8tievels are
unchanged between immunised and nonmunised mice at Day 21, investigating the
function of galectid3 in vascular inflammation during the preclinical phase of arthritis is

not possible in the Cl#odel.
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This Chapter identifies, for the first time, a defective constriction response in the preclinical
phase of inflammatory arthritis, coupled with increased expression of gatddimd CD3 T
cells in the inflamed vasculature. Bugrmore, elevated circulating T cell related cytokines
in the preclinical phase of arthritis indicates that T cells and gal8ctiray play a role in
early disease mechanisms that fuel pathologiowever, targeting galectii3 in the CIA
model is challengig due to a shift in the phenotype of the model resulting in an acute
onset and progression. This presents as a narrow window to measure the therapeutic
effect of galectir3 inhibition on vascular inflammation. While it was not possible to
investigate therole of galectin3 on vascular inflammation using the CIA model, studies
have shown attenuated arthritis ihgals3- mice using the antigemduced arthritis (AIA)
model (Forsman et al. 2011 herefore, the role of galectid on vascular function during
inflammatory arthritis could be investigatad anin vivosetting, that is primarily CD4T

cell driven(Wong et al.oy the use of the AIA model of inflammatory arthritis and will be

investigated inChapter 5of this Thesis.
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Evaluating the role of galecttin TCells
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4.1 Introduction

Galectin3 is expressed in numerous immune and stromal cell types and has varied
functions including cell adhesion, chemoattraction and apopto$ise expresion of
galectin3 changes according tthe immune cell type and activation status of the ch#
effects on disease pathology are dependent upon the tissue site and the cell type it is
expressed in or orfDumic et al. 2006)Galectin3 is synthesized in the cytoplasm. dt i
found in the nuclear compartment, on the cell surface and in the extracellular environment
(Fowlis et al. 1995)Galectin3 is expressed in macrophagegutrophils, fibroblasts and T

cells.

This Chapter evaluated the role of galeedinn T cells. Published literature revealed that
galectin3 orchestrats multiple and often opposing effects on T cells. The role of gal8ctin
on T ell function was dependent upon where it was expressed in, on or around the cell.
For exampleendogenous galecti is essential for {2 dependent cell growth. Indeed,
primary T cells cell growth was impaired by downregulation of endogenous gabEkoo

et al. 2001) Galectin3 is only expressed in activatedcélls,and t is found in both
intracellular and extracellular compartmentdntracellular galectin3 inhibited T cell
apoptosis (Yang et al. 1996and TCR activatioiChen et al. 2009)Contrary to this,
extracellular galectin3 promoted apoptosis of T dbs (Fukumori et al. 2003)Several
mechanisms were proposed for the regulation of T cell apoptosis by gaBclihese
include galectir8 acting as a ligand for CD7 and CD29 receptors in JurkatTadlls (L3),
resulting in cytochrome c releasend caspase activation via mitochondrial apoptosis
pathways (Yang et al. 1996; Fukumori et al. 2Q08ross talk mechanisms between
intracellular and extracellular galectthto maintain a balance in apoptosis of T cells was

also reported(Nakahara et al. 2005)

The role of galecti3 in controlling the lifecycle and fate ofcélls is not limitedd its ability

to promote and suppress apoptosis. Cell death was increased immortalized line of
human T lymphocyt®(Jurkat cells) by blocking galeec8nexpression(Yang et al. 1996)
Furthermore, cell proliferation was decreasedpirimary T cells by decreasing the level of
endogenous galectif3 in culture using galecti antisenseoligonucleotides(Joo et al.
2001)

Galectin3 has diverse functions related to the regulation of the inflammatory response by
T cells. It enances cell adhesion by forming oligomers and bridging ligands for receptors

(Ochieng et al. 2002) Galectin3 also influences the balance betweenTh1/Th2
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differentiation and regulates theireffector response¢Breuilh et al. 2007 Maintaining the

correct balance betweenkim & OSft £ dzf F NJ AYYdzyAGéé FyR ¢KH &K
healthy immune system. Disruption of Th1/Th2 homeostasis by a dominant Thl response
causes autoimmunity whereas a dominant Th2 response causes allergy and airway

hypersensitivity.

The generation of galecti# knockout micel(gals3-) provided excellent tools that enabled

the delineation of specific-Gellassociated functions that promoted pathology in several
experimental models. For example, galeairdefigency decreased circulating-4Land
AYONBF&ASR LCb! Ay | -infidcddasshma(Zubes et al22804)a @1 f 0 dzY A
model offungal infection intracellular galectif8 indirectly modulated Th17 cell responses

through control of cytokine productioby dendritic cel. Activated galectir8’- dendritic
cellsshowedhigher 123 secretiorwhich supportedThl7 effector responsed-ermin Lee

et al. 2013) In mouse models of experimental autoimmune encephalomyelitis (EAE)
galectin-3 deficiency lessard I:17 levelsand increasd the number of FoR3 regulatory T

cellsin the circulation(Jiang et al. 2009)

The literature suggests that the role of galeedinn T cells is context depdent and can
vary depending on the status of immune activation or disease state in which it is akting.
systematic understanding of how galec8rcontributes to Tcell associated inflammation is
still lacking. Furthermore, there are few studies thatdstigate the therapeutic potential

of suppressing galecti8 to modulate T cell survival and effector functioiikis Chapter

will delineate galectir8 dependent mechanisms that regulate T cell responses, including

expansion profiles, proliferation, apapgis and cytokine output.
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Hypothesis and Aims

The overarching hypothesis of thiihapter is that galecti#8 modulates T cell phenotypes

and their associated biology. To test this hypothethe following aims were set:
Aim 1: To characterise galeciinexpression in CD4 T cells.

Aim 2: To evaluate the effect of galeeBnon CD4 T cell proliferation, differentiation and
survival through utilisig GB1107 as a tool to dissect gale@irdependent cellular

mechanisms.

Aim 3: To combine use of newly developed T cell bioassaysLgal$3- T cells to

investigate the specificity of GB1107 for gale&in

94



Chapter 4

4.2 Results

4.2.1 Galecti#8 is upregulated in CD4 T cells during experimental inflammatory
arthritis

To establish if there was a relationship between gale8tixpression and the inducticof

a T celldependent mouse model of arthritis (MBSA antigeduced arthritis; AIA), RNA
sequencing datasetgeneratedin our groupwere interrogated First, RNA sequencing of
whole synovial tissue recovered from mice at Day 10 of 8&&t{on 23.6) revealed that
Lgals3 (protein coding gene for galect®) transcripts were significantly higher when
compared to healthy control synovial tissue from naive miggure 4.1A). This increased
Lgals3 expression is consistent with the induction of gale@irty various leukocyte
populations upon immune activation and likely reflects the increased recruitment of these
cells to the inflamed joint during arthriti§Sano et al. 2000; van den Berg et al. 2000)
more specifically investigategals3expression in CDZ cells during AlA, expression was
also evaluated in splenic and joiintfiltrating CD4 T cells. Ten days after systemic challenge
with mBSA/CFA,.gal8 was significantly upregulated in effector CD4cells(CD4CD25
CD44'CD62P) recovered from thespleen when compared with naive CD4 T cells
(CD4CD25CD4#CD62IM) and wasamongst the most highly differentially expressed genes
(top 31 genes; ¢ R2 XX n dp(pigure &.PBH Edddistenk with this observation,
Lgals3was also among the most ity differentially expressed genésti 2 LJ wn ISy SaT
nonpZ f avBen Mmpanng jeininfiltrating CD4 T cellsom mice atDay 10 of AIA
with naivesplenic CD4 T cellBigure 4.10). Together, theabove data show thalttgals3is
induced inCDA4T cellsin vivoupon induction of a T cetlependent model of inflammatory
arthritis andmay thereforeplay a role in CD4 T cell effector function and the progression of
AlA.
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Figure 4.1: The expression hfjals3is upregulated during AIA

(A-C) Volcano plots of proteicoding gens from RNAsequencing analysis performed wild-type
miceduring Al 52 GGSR fAySa ARSY(GATEIWG/AyH TMOP ydi! @Sy Swn2
recovered fromthe inflamed joints ofmice with AIA aDay 10 andccompared tohealthy mice RNA
sequencingwas performed on whole synovial tissue(B) RNAsequencingof effector CD4 cells
(CD4CD25CD44'CD62l ) compared tonaive CD4 cellsCD4CD25CD44loCD62Y) isolated from

the spleers of mice 10 days afterchallengewith mBSA/EA. (CRNAsequencing ofCDAT cells

isolated fromthe synovium of mice with AIA compared taivesplenicCD4 T celldataare shown

as mean + SEMAIA, RNAequencing and bioinformatic pipels@erformed by D. Hill with
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bioinformatic support from the SIURI, Cardiff University. Interrogaticchefvailable datasets for
Lgals3expression performed by A. Morrin.
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4.2.2 Galecti8 is located intracellularly and extracellularly in CD4 T cells

Galectin3 is expressed in the cytosol of T cél$ien et al. 2009)s an initial step, culture
conditionswere establishedo test galectin3 detection in activated CD4 T cells by flow
cytometry, consistent with its reported expressiontire literature and supported by my
analysis of RN8equencing datasets presented kigure 4.1(Joo et al. 2001; Hsu et al.
2009) SpleniaCDAT cells were isolated fronDBA/1 mice, activated by aAiD3/CD28 co
stimulation and followed bgalectin3 detectionperformedby flow cytometry. To quantify
galectin3 expression, cells wergtimulated with PMA andonomycin in the presence of
monensin $ection 2.1.1). How cytometry can be used todiscriminate between
intracellular and extracellular proteingAdan et al. 2017) Therefore studies first
determined whether galecti3 could be detected in CD4 T cells and if so, whether it was
located intracellularly or extracellularlyllo help discriminate cellular location, cells were
either stained for cell surface galectthalongside CD&nd CD4, or first stained for the cell
surface markers CD3 and CD4 before permeabilisation to allow intracellular detection of

galectin3 (Section 2.1.1).

Following both cell surface and intracellular staining, 85%ntfCD3/CD& activatedcells
were galectin3 positive Figure 4.2 A Detection of galecti3-positive cells was highest
when extracellular and intracellular staining was performed together, suggesting that
galectin3 was more prominently localised intracellularhbQ% of cell staining accounted
for by intracellular detection, ~25% of positive staining by extracellular detecti€iglire

42B).

These early pilotexperiments were performedising activatedCD4 T cellssolated from

DBA/1 miceln order to carry out more robust phenotypic analyses of galegtin CD4 T
cells, subsequent experiments usétD4 T cells from C57BI/6 mieghich are more
conventionally used to study CD4 T cefisvitro and would also allow comparisen

involving galectirB-deficient (gals3-) mice available on theC57BI/6 background.
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Figure 4.2: CD4 cells express intracellular and extracellular galettin

Splenic CD4 T cells from DBA/1 male mice were isolated by negativeddpat&tion and culture
in the presence of alMCD3 and arCD28 for 96 hours. Cells were stimulated with PMA, ionor
and monensin for the final 4 hours prior to antibody staining for the cell surface markers C
CD4 and galecti8. For intracelldr staining, cell membranes were permeabilised before sta
for galectin3. (A) Representative FACS plots of cell surface staining and permeabilised stai
Proportion ofintracellular galectir8 detection was calculated by subtracting cell susfataining
from total staining. Significance was calculated by -ermy ANOVA with Tukey pewst. *** =
p<0.001. Data are representative of 1 experiment and is shown as mean = SEM.
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4.2.3 Permeabilisation of resting CD4 T cellsteesuyalectii3 detection

A study by Joet al showed that estingCD4 T cells do not express gale&i@Joo et al.
2001) The data presented iRigure4.2 showed that a high percentage of activated CD4
cells expressed galectth However, these initial experiments that aimed to optimise
galectin3 detection by flow cytometry did not include resting CD4 cells as negative
controls. Taking this into account@to appropriately control this experiment, splenic CD4
cells were isolated from C57BI/6 mice and immediately stained for intracellular and
extracellular galecti*t83 (termed noncultured cells). Additionally, to determine if cells
spontaneously express gatin-3 while resting in culture (i.e., cultured in RPMI media
without addition of antiCD3/CD28)cells were plated and left to rest at 37 for 4 hours
(the same length of time as cells stimulated with PMA and ionomycin in the presence of
monensin). Cedlwere stained for CD3, CD4 and gale8tend analysed by flow cytometry.
Negligible detection of surface galecBnwas observed in neaultured or resting CD4 T
cells or in resting CD4 T cells stimulated with PMA, ionomycin in the presence of monensin
(Figure 4.3 A B). Unexpectedly, upon permeabilization of cells under the same conditions,
a high proportion of CD4 cells showed robust intracellular galkstaining Figure 4.3A -

B). Previous studies suggest that resting CD4 T cells do not exptes=llular galectir8

(Joo et al. 2001 Moreover, my RNAequencing analysis of CD4 T cells during AlA similarly
suggests thakgals3is highly upregulated in effector CD4 T cells following activakaju(e

4.1). Therefore, detection of galecti®d by flow cytomety in permeabilised cells either
suggests that resting CD4 T cells contain a reservoir of intracellular gaéleaimthat
detection of galectir8 in these cells is an artefact associated with the permeabilisation
protocol. As intracellular staining was amportant aspect of subsequent experiments,
where detection of CD4 T cells subsets (e.g., by the signature cytokirgasnidFN=17) was
important, detection ofLgals3transcripts by gPCR was tested as a more reliable way to
track expressionFigure 4.3D). Here, activation of CD4 T cells with a combination of PMA,
ionomycin and monensin resulted in a significant increadegais3expression detected by

gPCR and was therefore adopted as the method to track gatBatxpressiorn vitro.
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Figure 4.3: Stimulation of resting CD4 cells with PMA, ionomycin and monensin increases galectin

3 levels.

(A) Representative FACS plots of gale8taxpression in response to stimulants. FMO controls were
used to aid the gating strategy. The number in the C@Ddlectin3" quadrant relates to the
percentage of galecti3* cells. (BSplenicCD4 cells were isolated from WT C57BHé@ce and were
cultured in the presence of PMAP) or ionomycin(l) or monensin(M) for 4 hours.Graphs are
representative of 2 independent experimentsgi§ificance was calculated using a emay ANOVA
with Sidak postest. (C) gPCR fdrgals3showing relative expression normalised to resting cells
harvested at the same timepoint. Relative expression was quantified using the-Mmtt Ct
method and normalised to housekeeping geAet . Sgnificance was calculated using a emay
ANOVAwith Tiwkey posttest. Data are representative of 1 experiment** = p<0.01, **** =
p<0.0001. Error bars are shown as mean + SEM.
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4.2.4Lgals3s highly expressed in CD4 T cells under-pbiatising conditions

Althoughit is known thatgalectin3 is expressedh CD4 cells, tha@ext objectiveof this
Chapter was to quantify galectBon various CD4 T cell subséis.determine thisCD4 T
cells were cultured for 48 hours in conditiof&ecton 2.9.3) to promotethe differentiation
of Thl, Th2 and Thilgells followed bygPCR detection dfgals3 There was a significant
increase inLgalsS3mRNA in Thl-polarisingwhile conditions Figure 4.4 A indicating that
galectin3 isstrikinglyexpressed in these cellgvhile there was a slight increaseligals3
MRNAIn ThZpolarisingconditions compared to ThO, this was not significaiithough
previous studies have shown thagalectind deficiency results in decreased H17
production from splenic cell§Forsman et al. 2011and that Lgals3is identified in a
transciptional signature in pathogenic Thl7 cdllee et al. 202), few have investigated
directly targeting galecti3 action in CD4 T cells as a way to modulate Th17 effector
responses and associated pathology. To this end, gal8atjene and protein expression

was characteriseduring T cell activation and diffentiation.

Hrst, the temporal regulation ofjalectin3 expressiorby gPCRhroughout the time course
of the Th17 cell differentiationwas consideredFor this,CD4 cells were culturednder
Th17 polarising conditions and mRNA wasarvested after 24, 48, 72 and 96 hourf
culture. Lgals3expression was significantly elevated2at and48 hours and returned to
baseline by 72 hourdg={gure 4.4 B Therefore,Lgals3expression is induced early during
activation of CD4 T cells und&hl7 differentiating conditionsand 24 ¢ 48 hours post

activationis an appropriate timepoint terack Lgals3expressiorby qPCR.
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Figure 4.41 gals3expression is induced in CD4 T cells under Fpilarising conditions

CD4 T cells were cultured in Thl, Th2 and Th17 differentiating conditions. ThO conditions re
cells activated with antCD3/CD28 in RPMI media without exogesiaytokines. (A) gPCR fogals:
was performed after 48 hours of culture. Data are representative of 2 independent experil
Significance was calculated by eway ANOVA with Tukey petst. (B) qPCR fdrgals3at 24, 48
72 and 96 hours of culture. Em are representative of 2 independent experimentsgals:
expression is presented as relative expression to a ThO sample at the same time point. Sig
was calculated by twavay ANOVA with Tukey petst where **** = p<0.0001. Data are shown
mean + SEM.
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4.2.5 Galectit8 is secreted by Thix&llsin a time dependent manner

To determine if the increase Irgals3expression in Th17 cell cultures resulted in increased
soluble galectirB protein in the culture media, a galecthELISA was performed on the
supernatants from T cells cultured under all polarising conditions at 24, 48, 72 and 96
hours. Galectir8 levek increased in cell culture supernatants under ThO and Thl7
conditions during the experimental tirreourse Figure 4.5. While there was no
differences in galecti3 secretion between Th1l7 and ThO cells at 24 and 48 hours, a
statistically significant diffence was seen at 72 and 96 hours. Gale8ticoncentration

was also higher in Thipolarising conditions compaggo Thl and Th2 conditions at these
time points. Thus, the temporal increaseligals3gene expression at 24 and 48 hours was
followed by a cacomitant increase in protein expression. Gale@&@iwas not secreted from

Thl or Th2 cells, which is consistent with the finding thgals3transcripts was uniquely
elevated in Th17 cell$-igure 4.4. The selective expression of galeedirat the gene ad
protein level in CD4 T cells cultured under Th17 polarising conditions suggests a potential
role for galectin3 in regulating the expansion, survival, proliferation and/or maintenance

of Th17 effector functions.

4.2.6 A small molecule inhibitor of galee3iiGB1107) inhibittl 7aexpression
during Th17 differentiation

The heightened expression bfals3and solublegalectin3 in Th17 cellsuggests a role for
galectn-3 in Th17 cell regulation and provided an assay system to investigate inhibitors of
galectin3 in clinical development. The small molecule inhibitor, GB1107, was used to
investigate potential galectif8 dependent mechanisms involved in Thl7 cell regutati
Initially, a pilot study to investigate the effects of galee?imnhibition onll17aexpression

was conducted, where 2(M GB1107 was added to Th17 differentiation cultures and the
expression of the Th17 signature cytokinelfA, determined by gPCR.

A pilot study suggested that 20 uM GB1107 effectively inhibitega expression in CD4 T
cells Figure 4.9. Howevera low recovery of RNA(<10 ng/yL; data not shown)from
cultures containing 20 uM GB11@&As noted To determine if GB1107 selectively inhibited
lI17a expression or affected the viability of CD4 T cells that could account for low RNA

yields, adose titration of GB1107 was performe@ell viability and theffect of GB1107 on
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T cell differentiation under various Jgvolarising conditions was assessed Hgwf

cytometry.
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Figure 4.5: Galecti3 is secreted by Th17 cells

Supernatants from T cells cultured for 24, 48, 72 and 96 hours under the indicated pao
conditions. Soluble galect® levels were measured by ELISA. Data are representative
independent experiments. Significance was calculated byviap ANOVA with Tukey petst. **
= p<0.001, **** = p<0.0001. Data are presented as mean + SEM.
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Figure 4.6: Loss dfL7aexpression in Th17 cell cultures treated with 20 uM GB1107

CD4 cells were cultured in Thilifferentiating conditions, and in the presence of g8 GB1107 ¢
DMSO vehicle control for 48 hours. gPCRIfidfag I & LISNF2NY¥Y SR dzaAy 3 <«
indicative of cells in Th1l7 culture conditions but not treated with GB1107 or DMSO. &
representative of 1 pilot experiment and are shown as me&EM.
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4.2.7 Th1l7 celiemain viable in concentrations up to 20 uM GB1107

Before investigating the effects of GB1107 on Thl7 cells, a titration of GB1107 was
performed to determine a working concentration range. A concentration range froid 1

to 200uM GB1107 was included in Th17 cultures and cells were stained with Zombie Aqua
stain to determine viability. Zombie Aqua binds to intracellular proteins in cells that have
compromised and/or permeabilised membranes as a result of cell death. Therefore, cells
that stain positive for Zombie Aqua are considered dddigh concentrations of GB1107
resulted in loss of cell viabilityas evidenced by a 70% decrease in percentage of live cells

(Figure 47 A,B).

DMSOwas the vehicle control fo6B1107, whiclis known to be toxic to T cells at higher
concentrations. In my studies, significant toxicity was only observed at concentrations of
>1% v/v Figure 47 B, G, which was consistent with previous studi@mm et al. 2013)
Therefore, GB1107 was prejea in DMSO at the highest concentration possible where
solubility was not adversely affected (1000 pM) and further diluted to the final
concentrations listed ifrigure 4.7 B, @ ensure the lowest amount of DMSO possible in

cultures.

To allow the effect of galectii inhibition on T cell differentiation to be studied, a working
range of GB1107 that did not result in toxioitas selected to be used for future assays. As
the viable concentration range of GB1107 veketermined to be within 2uM and 20uM
(allowing for potential partial toxicity at 1M and 20uM), the next step was to observe

the effect of GB1107 treatment on Th17 expansion.
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Figure 4.7: Concentrations of GB1107 above 50 y@gults in reduced viability of CD4 cells

CD4 cells were cultured in Thl7 differentiating conditions and in the presence of inc
concentrations of GB1107 for 96 hours. Samples were stained for live cells prior to fixi
acquisition on BD FACSn@a (A) Representative flow plots at increasing concentrations of GB
Numbers indicate the percentage of lymphocytes in the live cell gate. (B) Graph showing ¢
cells at different concentrations of GB1107 and equivalent amount of the DMSOevel@}l Th
concentration of DMSO (v/v) for each concentration of GB1107. Data are representativ

independent experiments.
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4.2.8 GB1107 inhibits Th17 expansion in a concentration dependent manner

To evaluate the effect of GB1107 treatment on Th17 cell expansion, CD4 T cells were
cultured under Thlpolarising conditions with and without addition GB11071 pM ¢ 20

uUM) to the culture mediaTo track Th17 differentiation, theercentage of cells expressing

the signature Th17 cytokine,-ll7A, was determined by flow cytomet§B110#reatment
resulted in a potent and dosdependent reduction in the development ofll-17A
producing cellgFigure 4.8 A, Bwith a maximum percentaginhibition of 75% in GB1107
treated cells Figure 4.8 €

To measure if GB1107 had any effect on total CD4 cell number, cell counting beads were
added to the cells immediately prior to performing flow cytometAithoughthere isa
decrease in total CD4 cell numbarthe presence o6B1107 or DMSO, these cell numbers

are not significarly decreaseds theconcentration of GB110increasegFigure 4.8 [p

To test whether the concentration dependemhibition of Th17 expansion by GB1107 was
selective for Th17 cells, next experiments investigated the effect of GB1107 under other

Th-polarising conditions.
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Figure 4.8: GB1107 inhibits Th17 expansion

CD4 cefl were cultured in Thl7 differentiating conditions and in the presence of increasing
concentrations of GB1107 for 96 hours. Samples were stained for live cells, surface markers CD3 and
CD4, and intracellular 17A by flow cytometry. (A) Representative vilocytometry plots at
increasing concentrations of GB1107. Plots are gated on'GIE® cells. Number denotes the
percentage of H17* cells. (BC) Graphs showing % of CD4 T cells producihg (B) and % inhibition

of Th17 cells (C) in response to GB116fcentrations. Data are representative of 9 independent
experiments run in duplicate. Significance was calculated-lmay2? ANOVA with Sidak petstst. (D)

Cell counting beads were used to determine absolute cell number CD4 cells. *** = p< 0.001, **** =
p<0.0001 and data are shown as meaSEM.
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4.2.9 GB1107 does not have a direct effect on Th1l cell differentiation

To determine if the effecof GB1107n T helper cell differentiatiowas selective fothe
inhibition of Th17 cellsCD! T cells were culturedn Thldifferentiating conditionsin the
presence of GB1107 arsfiained for the signatureThlcytokine,IFN . Approximately20%

of CD4 cells stained positive for IFMvidencing aobust differentiation of Th1l cells in our
cultures(Hgure 4.9A). Treatment with GB1107 did not significantly affect the viability of
CDA4 T celld{gure 4.9B). Furthermore, consistent with the selective expression of galectin
3 under Thl7polarising caditions (seerigures 4.4, 4% inhibition of galectir8 by GB1107
treatment did not result in a loss of Th1l differentiation in our culture systeigure 4.9A,

O. Thus farthe data supported a role for galecti®in Th17 cell differentiation or sunal/
where the small molecule inhibitor GB1107 promotes selective inhibition of Th17 cell
differentiation. As selective inhibition of Th17 differentiation by targeting galetthas
potential therapeutic applications, it was also important to determine thiee GB1107
affects the differentiation of other T helper cell subsets. For example, previous reports
show that galectir8 activity influences the balance between Thl and Th2 cell expansion
(Breuilh et al. 2007)

4.2.10 GB1107 sificantly increases Th2 cell expansion

Th2 cells promote inflammation during allergy response, but can be protective against
helminth infections and during inflammatory arthriti€Chen et al 2016) Galectin3
expression is not significantly increased in CD4 T cells cultured under Th2 differentiating
conditions Figure 4.4 Abut has shown to play a role in regulating the relationship
between Thl and Th2 responses in inflammation. Gal&tieficiency has shown to drive
development of Thl type response duriBghistosoma mansoniifection and decreased

Th2 responses during asthma models, highlighting the potential roles of gakeutifht

Th2 balancéRuas et al. 2009Jnder Th2 polarising conditions, approximately 12% of CD4
T cells produced the Th2 cytokified (Figure 4.1A). To determine if GB1107 had an effect

on Th2 expansion, CD4 cells were cultured in Th2 differentiating conditions ahd IL
expression was quantified by flow cytometry. GB1107 did not negatively impact on CD4 cell
viability in Th2 polasing conditions Kigure 4.10B). Interestingly, GB1107 significantly
increased H4 expression with the percentage of4lexpressing cells increasing from 11%

to 40% at 20uM GB1107 Figure 4.10Q). This finding indicates that the targeting of

galectin3 may allow for the inhibition of pathogenic Th17 cell responses, while favouring

111



Chapter 4

Th2 cell expansion. This may be beneficial in certain autoimmune diseases such a
rheumatoid arthritis, where Th17 cells responses are pathogenic whilgype2responses

have been associated with resolution of early joint inflammati(@kapenko et al. 2005;
Chen et al. 2019)
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Figure 4.9: GB1107 does not affect Thl cell expansion

CD4 cells were cultured in Thl differentiating conditions and in the em@s of increasir
concentrations of GB1107 for 96 hours. Cells were stained for live cells, cell surface CD3
and intracellular IFN by flow cytometry (A) Representative density plots showing' IFENlive
CD3CD4 gated cells. (B) Graph showing percentage of viable cells in the presence of GB
DMSO, as determined by negative ZombieAqua staining. (C) Percentage' axblssing cel
when cultured in the presence of GB1107 versus DMSO. Data are shown astr8& and
representative of 2 independent experimerdsconcentrations 1 to 1AM and n =1 at 1§ 20 uM..
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Figure 4.10: GB1107 significantly increases Th2 expansion

CD4 cells were cultured in Th2 differentiating conditicensd in the presence of increas
concentrations of GB1107 for 96 hours. Cells were stained for live cells, cell surface CD3

and the Th2 cytokine 4. (A) Representative flow cytometry plots of Th2 expansion. (B) C
showing cell viability, @ determined by negative ZombieAqua staining. (C) Percentage-4
expressing cells in the presence of GB1107 or DMSO. Significance is calculatealybANOVA wil
Sidak postest. Data are representative of 2 independent experimeaattsoncentrationsl to 10uM
and n =1 at 1§ 20 uM. *=p<0.05. Error bars are shown as meaBEM.
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4.2.11 GB1107 significantly increases Treg expansion

Th1l7 and Treg cells are often reciprocally regulaf@nenetti and Pizarro 2015)0
determine if GB1107 influenderegulatory responseshrough controlof FoxP3positive

Treg cells, CD4 cells were cultured iregulatory (Treg) differentiating conditions in the
presence of GB1107 and stained fioe Tregmastertranscriptioral regulator, FOX¥3. Here,

Treg polarisingonditions resulted in approximately 55% of CD4 T cells expressing FoxP3
(Figure 4.11A). GB1107 did not affect overall CD4 cell viability in cells in Treg polarising
conditions Figure 4.11B) anda modest but significant increase in the proportion okF8
positive cells was observed in the presence of GB1107, with 67% of cells staining positive

for FoXP3 at the highest dose of GB11(Hgure 4.11A, O.

The experiments presented above suggest that GB1107 may have application in
autoimmune conditions where Th17 cells are associated with pathology, and where the
expansion of populations that favour resolution of inflammation such as Treg and Th2 cells
may be beneficial. In this regard, galeeBindeficiency in EAE decreaseslTL levels,
increases the number of FoxP3 cells in the CNS and attenuates the severity of flsease

et al. 2009) The remaining experients presented in this Chapter were aimed at gaining

mechanistic insight into how targeting galecBrusing GB1107 may mediate these effects.
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Figure 4.11: GB1107 enhances Treg expansion

CD4 cells were cultured in Tratjfferentiating conditions and in the presence of increa
concentrations of GB1107 for 96 hours. Cells were stained for live cells, surface markers
CD4, transcription factor marker He& Samples were fixed and run on BD Facs Cant
Represetative flow cytometry plots of Treg expansion. (B) Graph showing cell viability of CL
as determined by negative ZombieAqua staining. (C) Graph showing percentage FoxP3 e
cells when cultured in the presence of GB1107 or DMSO. Significacadelilted by 2vay ANOV
with Sidak postest and **=p<0.01. Data are shown as mearSEM and is representative o

independent experiments.
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4.2.12 Inhibition of Th17 cell differentiation by GB1107 promotes a modest
reciprocalinde &S Ay LCb! LINRBRdz2OGA2Y YR C2Eto §

CD4 effector cells such dahl7 cellshave a degree of plasticity and display a reciprocal
relationship with Thl and Treg ce(BBhao et al. 2010; Omenetti and Pizarro 20I8)17

cells in the presence of -12, 1:23 and IEU can coeexpress the Thl7 master
transcriptional regulator ROR and the Thiassociated cytokine IFN Furthermore,
stimulation of Th17 cells withH412 can support the differentiation of cells to a more stable
Thl phenotypeKigure 4.12A). This is truén conditions such as rheumatoid arthritis and
colitis, where acquisition dFN secretion by Th17 cells contributes to their pathogenicity
(Harbour et al. 2015; Kotake et al. 201¥ly studies show that GB1107 does not influence
the differentiation of CD4 T cells under Thhdiions Figure 4.9. However, to determine

if inhibition of 117 expression by GB1107 under THpbfarising conditions resulted in a
reciprocal increase itFN expressioncells wereco-stained forlFN and 1-:17 secreting
cells. As expected, GB110hiinited the proportion of cells secreting-17 (Figure 4.12B,

O. Interestingly, as HL7A expression decreased, GB1107 caused a modest but significant
AYONBI 4SS Ay LCb' SELINBRgara 21, I, with fd persefitdde O2 y OSy
2 T LxPrbssing Sells increasing from 2% to 6% in Th17 cells treated wjitl ZBB1107

Both Th17 and Treg cells require T@# development and, similar to Thl cells, Th17 and
Treg cells also display a reciprocal relationgKileinewietfeld and Hafler 2@). While the
absence of H6 favours the development of Treg cells, its presence inhibits FoxP3
expression and instead promotes RPmduction and the differentiation of Th17 cells
(Pasare and Medzhitov 2003; Bettelli et al. 20(fgure 4.13A). In autoimmunity the
balancebetween these cells is often disturbeahd identifying mechanisms that favour the
development of regulatorgype responses over Thiype responses has therapeutic
potential (Lee 2018) To determine if suppression of Th1l7 development as a result of
galectin3 inhibition caused a deviation towards Treg differentiation, cells were cultiure

Th17 differentiating conditions in the presence of GB1107 and were stained for Treg
marker, FoxP3. Consistent with my previous data, Th17 expansion was inhibited by GB1107
(Figure 4.13, G. While there was a trend toward increased FoxP3 expressiom 0.5%

to 4% of CD4 T cells) following GB1107 treatment, this did not reach statistical significance
(Figure 4.19).
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Together, the above data suggest that GB1107 acts as a potent inhibitor of Th17 cells
differentiation, which albws a modest expansion of Thl and Treg cells in our cultures that
likely reflects the reciprocal inhibition observed between Th17 cells and these other T

helper populations.
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CD4 cells were cultured in Thl7 differentiating conditions and in the presence of inc
concentrations of GB1107 for 96 hours. Cells were stained for live sefface markers CD3 a
CD4, intracellular Th17 markerlZA and Th1l marker IFNSamples were fixed and run on BD |
Canto. (A) Overview of the reciprocal relationship between Th17 and Th1l cells. Figure adap
Omenetti and Pizarro, 201%B) Repesentative flow cytometry plots of {L7A and IFNexpressior
The numbers in each quadrant are the percentage of cells in the gate. (C) Graphs showkip
producing cells in the presence of GB1107. (D) Graph showing percentagexftissing cellf
the presence of GB1107 or DMSO. Significance was calculatedidoy RNOVA with Sidak petsst.
Data are representative of 4 independent experiments. All graphs are shown astéav.
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Figure 4.13 Nehange in FoxP3 expression in cells treated with GB1107

CD4 cells were cultured in Thl7 differentiating conditions and in the presence of inc
concentrations of GB1107 for 96 hours. Cells were stained for live cells, surface markers
CD4 intacellular Th17 cytokine;-IL7A and Treg transcriptional regulator; FoxP3 by flow cyton
(A) Overview of the reciprocal relationship between Th17 and Treg cells. Figure is adapt
Omenetti and Pizarro, 2018B) Representative flow cytometry plotdumbers in each quadrant ¢
the percentage of cells in that gate. (C) Graph showing percentagel@@llexpressing cells in t
presence of GB1107 or DMSO. Significance was calculatedvdy ANOVA with Sidak pesst. (D
Percentage FoxP3cells inthe presence of GB1107 or DMSO. Data are representative
independent experiments. All graphs are shown as me8&M.
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4.2.13 GB1107 inhibits the proliferation of CD4 celtker Th1l7polarising

conditions

Themechanisms underlying the inhibitory effect of GB1107 on Th1l7 expansion remain to
be fully elucidated. To address this, a series of carboxyfluorescein fluorescent (CFSE)
dilution assays were performed to assess cell proliferation. CFSE dye acts by govalent
binding to intracellular molecules in lymphocytes, and when the cells undergo division the
amount of CFSE in each cell depletes by half, allowing for each round of cell division to be
quantified (Quah and Parish 2010FDAT cellswere labelled withCFSBbefore culture in

Th17 differentiating conditins in the presenceand absenceof GB1107.As observed
before, there was a reduction in Th17 expansion in the presenGBaflOFigure 4.14 A
However, when CFSE profiles were examined, GB1107irdd#nted proliferation in a
concentration dependent manner (Figure 4.14A, B, based on the proportion of
proliferating cells and the number of rounds of cell proliferation observed in the presence
of GB1107 when compared to cells in Th1l7 polarising conditions in the absence of any

treatment.

A second method to assess cellular proliferation in response to GB1107 was also employed.
Th17 cell cultures were stained for the proliferation marker Ki67. Ki67 is a widely used
marker of cell proliferation. It is a nuclear proteimat is expressed during all active phases

of the cell cycle but is not expressed in resting cells (i.e., cells that are in a GO state). Ki67
has roles in various stages of the cell cycle including promoting normal cellular distribution
of heterochromatin atigens and prevention of aggregation of mitotic chromosor(fésn

and Kaufman 2018)Given these roles, Ki67 is expressed in every cell uoitgygnitosis

and is therefore used as a marker of proliferation. Cells were gated based on lymphocytes,
single cells and Ki6¢ells SupplementalFigure5) as per the literatur€Soares et al. 2010)
There was a significant decrease in Ki@gitive cells in the presence of M and 20uM
GB1107 Kigure 4.14D, B. Together, the above data suggests that GB11@3 tacinhibit

the proliferation of CD4 T cells under Thddlarising conditions.
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Figure 4.14: GB1107 inhibits proliferation of Th17 cells

CD4 cells were first stained witicFSE to measure proliferation before culturing in Thl7
differentiating conditions and in the presence of increasing concentrations of GB1107 for 96 hours.
(A) Cells were stained with-1I7A to confirm expansiorLarge number in each gate denotes the
percertages of IEL7A" cells at each concentration of GB110Histograms show CFSE dilution
profiles in the absence (pink) or presence (blue) of GB1107, with corresponding numbers indicating
the percentage of proliferating cells. Bold numbers indicate proliferatndex for dividing cells in
Th17 differentiating conditions, with bold italicised numbers indicating the proliferating index for
cells in Thl7 differentiating conditions cultured in the presence of GB1107. (B) Graph depicting
rounds of proliferation cks undergo in the presence or absence of GB1107. Significance is
calculated by 2vay ANOVA with Sidak pestst where **=p<0.001; ****=p<0.0001. Data are
shown as mearx SEM and are representative of 2 independent experiments. (C) Representative
FACS plat and (D) graph of %Ki6¢cells at the indicated concentrations of GB1107. The large
number in each FAGQHot denotes the percentage of cells in the Ki67 gate. Data are shown as mean
+ SEM and are representative of 3 independent experiments. Significaasealculated by a-®ay
ANOVA with Sidak poestst where *=p<0.05 and ****=p<0.0001.
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4.2.14 High concentrations of GB1107 results in CD4 T cell apoptosis

Proliferation and apoptosis aratrinsically linked and are required for homeostasis to limit
the growth of cells with oncogenic mutatiofGuo and Hay 1999)lo detemine if the
reduction in proliferation in cells treated with GB1107 was associated with in an increase in
apoptosis, Annexin V staining and analysis was performed by flow cytometry. Annexin V is a
member of the annexin family of membrargoteins andare commonly used for the
identification of cells undergoing apoptoqslirsaeidi et al. 2016)Annexin V binding to
phosphatidylserines exposed on the extracellular side of the plasma membrane. As
phosphatidylserine is only located on the outer edge of the plasma membdaneg
apoptosis, detection of apoptotic cells by Annexin V binding provides in a sensitive method
to detect these cells. Approximately 20% of Th17 cells stained positively for Annexin V.
However, this increased to approximately 70% of cells stainingiyagifor Annexin V in

the presence of 154M and 20uM GB1107 Kigure 4.15A, B. Gating was based on
CD3CD4 populations, however gating on CIZD4IL-17A'AnnexinV populations yielded

the same trend of results (data is not shown). As discuss8adtbn 4.2.7(see alsd-igure

4.6), Zombie Aqua staining revealed a partial loss of cell viability at 15 and 20 pM
concentrations of GB1107. Here, the increase in Annexin V staining is consistent with a
reduced cell viability observed at higher concentratioos GB1107.Therefore, for
subsequent studies investigating the effect of GB1107 on Thl7 cell inhibition a

concentration range of @10 pM was used.
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Figure 4.15 GB1107 enhances apoptosis of Th17 cells

CD4 cells were cultured inhl7 differentiating conditions in the presence of GB1107. Cells
stained and gated on lymphocytes, single cells, live cells,”"GIB3 CD4AnnexinV. (A
Representative FACS plots of Annexin V staining. (B) Percentage AhmeXdmin the presence
GB1107 or DMSO. Significance was calculatedvbgy?2ANOVA with Sidak petgtst. Data are show
as meant SEM and is representative of 3 independent experiments.
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4.2.15 GB1107 reducesetisecretion of T cell associated cytokines

Th17 cells display a wide range of effector characteristics that includes the secretion of
cytokines beyond the signature cytokine;UIA. For example, Th17 cells also secrete IL
17F, 122, IFN X ¢ b G10 L@ etlal 2006; Kato et al. 2013; Wu et al. 2028)
GB1107 was inhibiting the proliferation and survival of Thl17 dellsas proposed that
GB1107 would reduce the secretion of Thl7 effector cytokines, rather than selectively
inhibit IL.-17. Therefore a multiplex cytokine assayas performedon the supernatant of
Th17 cells cultured in the presence and absence of GB1107. Canhsidtte my analysis of
IL-17A by flow cytometry, HL7A levels were high (at the top of the standard curve of the
assay) in supernatants of cells cultured under Fphalarising conditions and was reduced

in the presence of GB110Figure 4.16A). Moreover, another member of the {17
cytokine family, 117F, showed a comparable reduction tellfA and was reduced in the
presence of GB1107, from 10,000 pg/mL to 300 pg/Mhigufe 4.168). IL-17F is one of the
founding cytokines assigned as a Tiyige cytokine and shares 55% homology witii TA.

It is induced under Thl7 differentiation but has shown to be -ssesential in the
progression of EAE and inflammatory arthriflshigame 2009)GB1107 also caused a
concentration dependent reduction in the secretion of2R (Figure 4.160), a pro
inflammatory cytokine secreted by Th17 cells and Th22 cells that promotes the expression
of artimicrobial peptides involved in host defeng@utz et al. 2013)I-:22 further
propagates inflamration by increasing the proportion of Th17 cells in inflamed joints,
while increasing Th1l cells in the draining lymph nodes of mice witl{JGsta et al. 2014)
GB1107 also reduced the levels of IFNIF YR ¢ b Ch X GgKAOK OFly I faz
(Stumhofer et al. 2006Figure 4.16D - E). Interestingly, GB1107 also decreased the levels
of the regulatory cytokine, L0, in Th17 cell culturestigure 4.16F) from 250 pg/mL to

150 pg/mL when treated with 1M GB1107. H10 functionsin Th17 cells to maintain the
balance between appropriate activation of immune cells and excessive production of
inflammatory cytokines and can negatively regulate the pathogenic potential of Th17 cells
(Guo 2016)

The studies herein outline a role for a small molecule inhibitor designed to target galectin
3, GB1107, as a suppressor of Th17 cell expansion. Small tadldaibitors can display
off-target effects, which could potentially account for the inhibitory effect observed on
Th17 cell differentiation. Investigations involving CD4 T cells sourced from gd&ectin

deficient (gals3") mice provided a unique opportity to investigate the requirement of
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endogenous galectif in Th17 cell differentiation and to test whether GB1107 inhibition of

Th17 cell effector function was mediated via gale@in
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4.2.16 GB1107 does not influence gale8tiexpression at theegpe or protein level

GB1107 has strong affinity for galecBnand acts by inhibiting both intracellular and
extracellular galecti¥8 (Stegmayr et al. 2019put little is known whether GB1107 alters
galectin3 expression at a getic level. To determine if GB1107 inhibits gale@&in
regulated responses, studies were performed to determine whether the inhibitor
influenced Lgals3expression. CD4 cells were cultured in Th17 differentiating conditions
with GB1107 at 7.5M and 10uM for 24 hours. These concentrations were chosen as they
display a significant reduction in Th17 expansion without affecting cell vialsilgure 4.8

and Figure 4.Y and this timepoint was chosen dsgjals3 expression is significantly
increased in CD4 celils Th17 polarising conditions at 24 house€ Figure 4.Y Galectin3
expression was measured by gPCRgsHls3 as expression could not be reliably measured

by flow cytometry ¢ee Figure 4.8

[117a expression in Th1l7 cells was significantly heightened at 24 hours. Furthermore,
expression oforc, the master transcriptional regulator for Th17 cells, was also significantly
upregulated in Th17 cell cultures at 24 hourgy(re 4.17A), confirming thatthe cultures
expanded appropriately to a Th17 phenotypgals3levels were significantly increased in
Th17 cells, which is in keeping with data observeigure 4.4A. However, this expression
was not changed when cells were treated with GB1HIgure4.17 B). This finding informs

us that GB1107 does not influence the transcriptional controLgéls3 Furthermore,
GB1107 treatment did not alter the levels of galeairdetected by ELISA in culture
supernatants Figure 4.170). While these findings suggt that GB1107 does not inhibit
galectin3 at the mRNA level, the limited time course investigated here is a limitation.
Further investigations across a tirgeurse would allow me to determine whether 24 hours
of culture was indeed the optimum time frante determine if GB1107 acts via targeting
Lgals3expression and would therefore confirm that the action of GB1107 is not mediated

by direct inhibition ofLgals3expression.
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Figure 4.17 GB1107 does not directly alter galeediexpression

CD4 cells were cultured in Th17 differentiating conditions with and without GB1107 for 24 hours.
Graphs show gPCR of ()7a and Rorcexpression in CD4 cells in Th17 differentiating conditions
and @) Lgals3in the presence of GB1107 or DMSO aqj fdrotein quantification by ELISA of
galectin3. Data are representative of 2 independent experiments and is shown as m&&.
Significane was calculated by orgay ANOVA with Tukey petgst where **** = p<0.0001.

130



Chapter 4

4.2.17 GB1107 inhibition of Th17 cell expansion requires gactin

Given that GB1107 @s not alterLgals3gene levelsjt was proposed that GB1107 acts
through an interaction involving the galecttprotein. Therefore, any inhibitory effects
observed in response to GB1107 should be lost in gal8etieficient cells. To determine
whether the inhibition in Th17 expansion mediated by GB1107 was gaieédapendent, |
isolated CD4 T cells froigals3- male mice and cultured the cells in Thadlarising
conditions with and without GB1107. Th17 expansion and inhibition was compared to that
seen in CD4 cells from control witgipe male mice. As expected, there was approximately
40% Th17 expansion in witgpe (WT) cells, which was impaired in the presence of GB1107
(Figure 4.18A, Q. Consistent with an important role for endogenous gale8tin Th17 cell
development identified in this Chapter, Th17 expansionLgals3- CD4 T cells was
significantly impaired (~50%) compared to wijge cells Figure 4.188, D. Furthermore,
while significant inhibition of Th17 expansion was observed ap¥%nd 10uM GB1107

in wild-type cells, this effect was absentligals3- cells.
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Figure 4.18 Reduced Th17 expansiorLigals3- cells.

CD4 cells were isolated from wilgpe andLgals3- male mice and cultured in Th17 differentiat
conditions with and without GB1107 for 96 hours. M) Representative flow cytometry pl
showing IEL7 and IFNg-secreting CD4 T cells. (C) Graphs shawdhart of percentage of 4174
expressing cells in (C) wilgbe or (D)Lgals3" cells in the presence of GB1107 or DMSO. Signifi
was calculated by-&ay ANOVA with Tukey petst. Graphs are shown as mearSEM and grapl
are representative of &xperiment.
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4.3Discussion

Lgals3s increased at sites of inflammation, in activated peripheral CD4 T cells and in

tissue infiltrating CD4 T cells

The link between galectii and T cells is established in the literature and galedtia
required for 12 dependent cell growth in T celldoo et al. 2001)Here, the finding that
Lgals3is significantly elevated in joint infiltrating CD4 T cells in inflammatotlyritis
confirmed that galectirB is expressed in CD4 T cells and triggered the hypothesis that
galectin3 may play a role in modulating T cells during inflammat&alectin3 is increased

in synovial fibroblasts in arthritic joints and correlates to GRB 6 serum levels in
patients with rheumatoid arthritigFiler et al. 2009)Galectin3 has been recognised in
promoting inflammatory responses and knockdown Lagfals3have shown to alleviate
pathology in EAHJiang et al. 2009and inflammatory arthritis(Forsman et al. 2011)
However, although there ia strong link between galecti® expression and pathology, the
mechanisms by which galecthdetermines disease outcome is still not fully understood.
The aim of this Chapter was to test the hypothesis that gal&timodulates T cell
phenotypes.

Studies initially set about establishing culturing conditions for the detection of gaigdtin
CD4 T cells. Investigations revealed that gale®tiwas detected intracellularly and
extracellularly in CD4-fielper cells Initial studes useda single panel antibody (PE) to
detect galectin3 intracellularly and extracellularly. Half of the cells were permeabilised to
detect extracellular and intracellular galectin(equating to total galecti#®) and half were
stained for surface galén-3 only. The proportion of intracellular galecti staining was
determined by subtracting the surface galee8rstaining from the total galectifd staining.
However upon further considerationan improved method of distinguishingetween
intracellular vs extracellular expression would be to use gale:tmtibodies on different
fluorochromes. Nonetheless, the experiment was a pilot experiment and did result in an
initial observation of high galecti® expression in CD4 T cellBhis ledto establishing
galectin3 expression in resting CD4 T cells by flow cytomemmg gPCR. The data
presented in this Chapteagreed with observations by Joet al who also noted a
predominance of galecti8 expression in the intracellular compartment of CDdells(Joo
etal. 2001 | 26 SOSNE W22Qa8 20aSNDFGA2ya aK246SR
cells expressed intracellular galee8nwhereas the data presented in this Chapter showed

approximately 50% of CD4 cells stained positively for gal8ctifhe highexpression of
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galectin3 both intracellularly and extracellulariyregardless as to whether the cells were
resting or activated- raised questions about the reliability of the flow cytometry
methodology used for the intracellular detection of galeedinn CD4 Jhelper cells. As
optimised intracellular staining protocols for the detection of T cell effector cytokines (e.g.,
IL-17) was an important component of the work herein, gPCR was chosen as the preferred

method to track galecti#8 (Lgals3 expression

Lgals3s uniquely increased ihI7 cellswhich offers a potential way to selectively

target these cells

Expression ot.gals3was higherin Th17 cellsrersus Th or Th2 cells. As a result of this
striking elevation, the role of galecti® in this effector T cell subset became the research
focus for the Chapter. A study by the Kuchroo group identifigdis3in a transcriptional
signature for pathogenic Th17 ceflsee et al. 2012)This was the first and only publigshe
study that identifies a relationship between galee8nand pathogenic Thl7 cells. While
there have been studies that show the indirect effect of galeediron controlling Th17
responses via dendritic cell cytokine induction e2B8(Fermin Lee et al. 201,3and studies
that investigate galect3 deficiency in Th17 related models such as inflammatory arthritis
(Forsman et al. 201Bnd EAHRJiang et al. 2009)ittle was known regarding how galectin
activity in CD4 T cells determines Th17 cell ppsddéion, or T cell intrinsic mechanisms
involved in the relationship between galecthand Thlitype responsed-urthermore, the
development and testing of novel inhibitors that target gale@imave the potential to
improve the treatment of diseases whe CD4 T cells are pathogenic. Pharmacological
targeting of galectir8 using ligand for galecti®, N-acetyllactosamine, has been tested in
animal models of cardiovascular diseases and resulted in reduced myocardial inflammation
and cardiac remodellingYu et al. 2013put, to date, no studies have investigated the

effect of targeting galecti#3 on Th17 mediated diseases.

The secretion of galect8 is unique toTh17 cells when compared to Thl and Th2 cells.
This is a significant finding as Th17 cells are linked with driving inflammation and may
account for the selective inhibition of Th17 cells when targeting gal@itmmy studies. L

17 is linked to pathogeaqieffector T cell responses in inflammatory arthritis, and our group

and others have shown elevated circulatingliLin experimental models of Rdones et al.
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2015) Notably, both galect#8 and Thl7 cells have independently been linked with
pathogenic outcomes in Cl@eboes et al. 2009; Wang et al. 2Q1BA(Maddur et al.
2012; Li et al. 2013and vascular diseas@Nanget al. 2011; Ding et al. 2012Yhe
expression and secretion of galee8nfrom Thl17 cells, and the pathogenic contribution
Th17 cells mads towards inflammation, strengthen the rationale for using Fhfiven

models as a system to test the therapeutic potential of targeting gak&ctin

GB1107 inhibits Th17 cdifferentiation; and its mechanism of action is dependent

on galectin3

GB1107 was added to CD4 cell cultures and showed a concentration range of minimal
toxicity between 1uM to 10uM. GB1107 was toxic to CD4 cells at concentratidrm/e 50

UM. While significant cell death was observed atyd\ and 20uM, 50% of cells remained
viable and the death observed may have been selective cell death of effector CD4 cells and
so these concentrations were included in initial studies. Intengdyi while cell death was
observed in CD4 cells in Th17 differentiating conditions, there was no significant cell death
observed in CD4 cells in Thl, Th2 or Treg differentiating condifidmes decrease in live

cells observed in Thl ceds 15uM and 20uM were due to issues with culturing conditions

in the specific wells of that experimeand existed in both the DMSO and GB1107 treated
cells, sait is likely that thiswas not due to a direct effect of GB1107 itséfshould be

noted that the other wdk (at lower concentrations)n the experiment were unaffected.
There was increased cell death in cells treated with GB1107 avi1&nd 20uM in Th2 cell
cultures suggesting toxicity, but this was r&ttistically significantwhen compared to
DMSO.Howe\er, there was a higher percentage of live cells in Thl7 differentiating
conditions than in Thl or Th2, with 70%, 40% and 50% cell viability respectively. CD4 cells in
Treg conditions had 80% cell viability. This can be explained in part by Th17 conditions
requiring survival signal-B and TGF and Treg conditions require TiGRwhich aid cell

survival and proliferatioizhang et al. 2017)

GB1107 inhibited expansion of Th17 cells but did not alter Th1l expansion from mouse CD4
T cells.Thl cells are raised in inflammati@md are present in the CNS of mice with EAE
(BenNun and Cohen 1981and the addition of Thl differentiating cytokinedR to mice

with CIA exacerbates diseag&ermann et al. 1996)Thl cells areknown to drive
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autoimmune disease, both in partnership and independent of Th17 @@dledalhon et al.
2008; Luger et al. 2008These are key results as it shows GBIdligns inhibitory effects
in Th17 cells selectively and indicatitsit galectin3 dependent Th17 expansion occurs

independently of Thl cells.

Inhibition of galectir3 by GB1107 increased Th2 expansion. This is in contrast to sstudie
reported in the literature that showed.gals3- mice with reduced Th2 responses in a
model of asthmaZuberi et al. 2004and suppressed allergic airway inflammation in rats
receiving a galecti3-expressing plasmid suggesting that gale@irpromotes a Th2
response(del Pozo et al.)However, the findingaithis Chapter are consistent with that
seen by Lukiet al whereby galectir8 deficiency attenuated EAE by decreasing 7L
production and promoted Thdolarisation (Jiang et al. 2009)The same study showed
elevated Treg cells ihgals3- mice undergoing EAE when compared to wyide mice.
Similar studies have shown thhgals3- mice have increased Treg cells in the spleen and
the CNS(Fermino et al. 2013)Again, this is consistent with the data presented in this
Chapter which showed inhibition of galecBnby GB1107 significtp increased Treg
expansion. This also shows that while GB1107 inhibits the expansion of pathogenic cell
LIKSy2(3eL)Sa adzOK Fa ¢Kmt OSKyiTafZ YAYU G@INE QI LKS
such as Th2 and Treg cells. However, later assays showed lisaivee2 apoptotic at 15

and 20uM GB1107. Therefore, further work is required to establish whether the effects
observed in the reciprocal relationship and Th2 and Treg expansion are due to the direct
action of GB1107, or if they are due to toxicity. Onehsapproach in this would be repeat

the experiments presented in this Chapter in cells flogals3- mice to determine the true
galectin3 dependent effects on the reciprocal relationship between Th17, Thl and Treg

cells.
Galectin3 supports Th17 cell differentiation

While studies report decreased-17 levels inLgals3- conditions(Forsman et al. 201]1)
there is no literature investigating the mechanism behind this. Given the striking decrease
in Th17 expansion in the presence of GB1107 observed in this Chapter, it was important to
ensure that the effects observed were dtespecific galecti¥8 dependent mechanisms in
Th17 cells. While GB1107 did not have a direct effect on gal@ctiRNA or protein levels,

it is likely that the inhibitor binds to galect® and inhibits its activity and role in
downstream signalling thatesults in perpetuation in Th17 effector functions. GB1107 has

a strong binding affinity for mouse galectnwith a dissociation constant fKof 1710 nM
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(information supplied by Galecto Biotech), making it possible that GB1107 binds and
Gy SdziNldctna SEOIGABAGE D ! & YSI adzNA-yahd iBefleann 17 Q&
on galectin3 activity is challenging and beyond the limits of thiesis, CD4 cells from
Lgals3- mice were used to determine that the effects observed on Th17 expansion are
specific to galectif3. Lgals3- cells had reduced Th1l7 expansion by approximately 50%
when compared to wildype cells highlighting that galect® is important for Th17
differentiation. Furthermore, no additional reduction in Th1l7 expansion was observed i
Lgals3- cells treated with GB1107 compared to DMSO treated cells, until high
concentrations of GB1107 were used. Due to the limited availability.gals3- mice,
studies involving CD4 T cells from these mice were only completed once and need to be
repeated to ensure the results are reproducible. Nonetheless, the reduced Th17 expansion
of GB1107 not only informs us that while gale@irmay not have a role in the initial
differentiation of CD4 cells to Th17 phenotype, it does have a role in the maimtenof

these cells and that galectil may contribute towards the pathogenic phenotype of these

cells, as proposed by the Kuchroo grdupe et al. 2012)
GB1107 inhibits Th17 cells via suppression of proliferation

Inhibition of galectiA3 elicited a clear effect on the suppression of proliferation of T cells in
Th17 differentiating conditions. A clear reduction in rounds of cell proliferation was
observed by reduction in CFSE staining and similarly, a significhmticn in Ki67 staining

was also observed. However, it should be noted that while the data is shown lbased
lymphocytes, when CDBD4IL-17'Ki67 populations are quantified, there is a similar trend
toward reduction upon inhibition of galecti®. Ki67 egression has been quantified in CD4

T cells and has found to be reproducible and spetfmares et al. 2010There was two
distinct Ki67positive populations observed in the FACS plots. This may be in part due to
variation in Ki67 expression levels depending on the stage of cell cycle that the cell is in. In
a study by Milleret al, Ki67 expression was heterogrus depending on how long it spent

in GO and G1 phaséMliller et al. 2018) Inhibition d galectin3 appeared to have a biased
effect toward reducing the higher Ki6pgopulation observed on the FACS plots, suggesting
that galectino Q&4 NRf S Ay LINPEAFSNIGA2Y YI& 6S Y2NB
compared to another. This has d&® shown in a study by Let al where galectin3 has

been identified in playing a role in promoting cell cycle arrest at the G2/M phase in an
epithelial cell line without inducing apoptosis in the presence of dietary flavonoid genistein

(Lin et al. 2000)However, no specific role of galecBnat specific stages of the cell cycle in
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T cells has been identfd. Nonetheless, as discussed in the Introduction of this Chapter, a
role of galectin3 in the proliferation of T cells has been identified in previous studies
whereby addition of galectd8 antisense oligonucleotides to activated murine T
lymphocytes ld to decreased proliferation, as determined by [3Rymidine incorporation

to cells(Joo et al. 2001)However, this study is the first time that inhibition of proliferation

in specific Th17 differentiating conditions have been reported.
High concentrations of GB1107 results in cell killing

Inhibition of galectiA3 caused a significant increase indEMpressing cells in Th17 cultures
cultured with GB1107Interestingly, cells cultured in Th17 conditions in the prez of
GB1107 also had a trend toward a Treg phenotype, as shown by increasB8 Fox
expression but this was not significant and again, this increase was subtle. The trend
toward enhanced IFNexpressing cells and He&expressing cells may be in part exped

by the effect of galecti#8 on T cell transcription factors. Addition of gale€dito leukocyte

cell cultures has shown to downregulatéb@t and FoR3 transcription factor® +  a A f QS @ ¢
al. 2013) However, it could be rgued that the effect observedvas resultant of
AadzLILINB & &aA2yY 2F ¢Kmt SELIYy&aA2Yy o0& D.wmmnants | yF
leading to spontaneous expression of {FNhis has been reported in the literature, where

ThO cells produce IFNAarvak et al. 1999)t may also be due to the apoptotic effect that
GB1107 had on the cells. GB1107 induced AnnexinV staining in cellgégt drfsd 20uM,
indicatingthat the inhibitor may be causing nespecific killing at these concentratianko
confirm that the inhibitor is causing nespecific killing at these concentratiorssmeasure

of apoptosighat could be useds a caspase activation asstnat detects capases 3 and.7
Caspases are activatéuresponse to death receptors and apoptesiducing stimuli. Their
activation results in the cleavage of nuclear proteins, mitochondrial proteins and plasma
membrane proteins, which leads to cell ded®alvesen 2002petection of caspse 3 and

7 would be beneficial as they are activated regardless of the diadlilncing stimuli.
Caspase activation assays are much more specific in detecting true apoptosis than Annexin
V and so would be usefil applying here to determine if GB1107 wasising norspecific

killing of these celldNonetheless, the increase in Annexin V observedly in part explain

for the significant increase in IFNexpressing cells in Thl7 cells cultures at these
concentrations, as IFNcan induce apoptotic pathway@otredes and Gamero 2013)
Therefore, as higher coantrations of GB1107 caused apoptosis of CD4 cell cultures,

studies thereafter used a smaller concentration range qfl® uM GB1107.
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This Chapter identifies and characterises gale8tiexpression in T helper cell subsets.
Furthemore, studies presented in this Chapter have setup and established T cell bioassay

that reproducibly shows an effect on T cell effector responses following GB1107 treatment.
Combined withLgals3- mice, this provides a system to investigate the spegffiaftnewly

developed inhibitors that aim to target galectt By using GB1107 as a tool understand
galectin3 dependent mechanisms in Thl17 cells, these findings are the first step in
understanding galectio Q& NRBf S Ay Ay Tt YYIl apiddgakediB i Sad ¢
in the proliferation of Th17 cells and has established gal&ta atherapeutic target in

Th1l7 mediated diseases and pathologi€hapter 5of this Thesis will investigate if

inhibition of galectin3 by GB1107 in the Thddfiven malel of antigen induced arthritis can

modulate inflammation in aim vivosetting.
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Evaluating galectid inhibition in antigen induced

arthritis
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5.1 Intoduction

Antigeninduced arthritis is a murine model of inflammatory arthritis that is immune
complex mediated and drives a T ad#ipendent pathology caused by administration of
methylated BSA (mBSA) antigen to the knee joint of amumzed mousgJoneset al.
2018) Contrary to the CIA model, the arthritis in AlA is confined to antailenged knee
joints only and therefore gives rise to an immediate and synchronous inflammatory
response that follows a wetlefined time coursdvan den Berg et al. 2007)he model has
featuresof an acute inflammatory phase predominated by an innate leukocyte rafit
followed by a selfimiting chronielike phasepredominated bylymphocytes, followed by
subsequent resolution of synovitis. This model involves priming of mice by injecting an
emulsion containing mMBSA in CFA under the skin and a solution of pettxésimto the
peritoneal cavity 21 days before arthritis induction (D2%). The mice receive a second
boost to the immune response by administration of a second injection of mBSA in CFA a
week later (Day-14). This subcutaneous boost to the immune sgstcauses sufficient
generation of IgG which is required for the robust arthritogenic reaction on Day 0 when the
antigen (mBSA) is directly injected into the joint space of the k8eet{on 2.33). Systemic
priming is a key step in the induction protocol for both CIA and AlA. AlA is monoarticular, in
contrast to CIA that is polyarticular. This means that arthritis is confined to the knee joint
that is injected with the mBSA antigen. Mice developaaute inflammatory response, and

in the model run in our lab at Cardiff University, the acute response intyplel mice peaks
during the first 3 days following intrarticular injection. The acute phase of inflammation

at Day 3 is characterised by ineammune cell infiltration dominated by neutrophils and
macrophages. Day 10 adten used to modethroniclike synovitis(Jones et al. 2018 he
chronic phase of AlA is characterised by a distinct Theedliated response in the joint,
with some evidence of B cell infdition (Meehan et al. 2021)Although joint swelling is
resolving by Day 10, the chrorike synovitis and breakdown of joint architecture is
progressive beyond this poirfvan den Berg et al. 20Q7AlA is typicallyperformed on
C57B16 mice It is used tostudy the molecular mechanisms underpinningdaptive
immune-mediated joint pathologyJones et al. 2018)n regard tothe progression of the
model, AlA is less aggressive than the CIA model in that the transition to the chwcalic T
dependent destructive phase of arthritis is slower. It happens over a period of weeks rather
than days that we observed in the CIA modghsed upon experience of the CIA model
documented inChapter3 and the establishedn houseexpertise with the AIA model, |

reasoned thatthe AIA model provided an excellent alternative model to study arthritis
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associated vascular constriction responseas.mly knowledge, this is the first time that a
study of this kind has been conducted in the AIA model. Furthermore, the predictable,
reproducible, robust nature of the inflammatory pathology noted with AIA presented an
opportunity to evaluate the role of dectin-3 in regulating joint swelling and arthritis

associated vascular constriction.

CD4 T cells play a central role in the pathogenesis of rheumatoid arthritis (RA) by activation
of macrophages and synovial fibroblasts which, in tucauses joint destruction. The
number of IFN and Il-17-producing Fcells is higher in the synovium of patients with RA
(Chemin et al. 2019)ersus norarthritic tissue. Biologics that target CD4 positive cells had
limited success in treating RA. Thidicated that other Tcelkmediated mechanisms were
active in the joint and that these factors required investigation. Investigations have shown
that CD4 T cells support antigen specific T cell reactivation in the joint space via
engagement with articuladendritic cells during inflammatory arthriti®rendergast et al.
2018) In studies using the AIA model, loss of CO2Bg cells in immunized mice prior to

the induction of arthritis reulted in worse pathology. Furthermore, transfer of CDR&®g

cells after administration of mMBSA does not ameliorate disease, indicating that CD4 Treg
cells play a regulatory role in the early stages of the model controlling inflammgrey

et al. 2005) The preinflammatory and destructive role of Th17 cells was demonstrated in
studies where neutralisation of-l7 by using an antL-17 antibaly reduced the severity of

CIA and prevented cartilage and bone destructionbberts et al. 2004nd 1117'- mice had
reduced knee joint swelling during AIA when compared to wild type ifdeschant et al.
2011)

Few studies have investigated the molecular role of galeXimthe pathogenesis of AIA. A
key study by Forsmaat al. revealed thatLgals3- mice with AIA showed reduced joint
inflammation and erosive pathologfForsman et al. 2001). Interestingly Lgals3- mice had
significantly decreased -Il7 producig cells in the spleen compared to wilgbe mice
highlighting the potential of targeting galectihfor the control of inflammatory arthritis
and Thl7mediated pathologies. Vascular dysfunction has not previously been reported in
the AIA model, and furthenore, no studies on the effect on galecBninhibition on

vascular function in AlA have been published.
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Hypothesis and Aims

My hypothesis is thaflA is associated with vascular changes and tdrateting galectir3
suppresses CD4 T cell responses to limit the vascular constriction deficit. To test this

hypothesis, the following aims were set:
Aim 1:To determine 5HT induced vascular constriction responses in micAMith
Aim 2:To characteris¢he systemic features ilA.

Aim 3:To determine the effect of galecti® inhibition on joint and vascular inflammation
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5.2 Results

5.2.1 Attigeninduced arthritifeatures an early vascular constriction defect and a

concurrent increase in serum galeefilevels.

Firstly, to determine if antigeinducedarthritis (AlA) was amappropriate model to study
vascular dysfunction associated with inflammatory arthritis, mice with AIA were culled at 3
timepoints in the model and vascular constriction responses were measured. Mice were
culled on Day 0, where mice are immunologically pdnbut do not receive mBSA antigen
02 0GKS aey2@AdzYT 51& o 6KSNBE YAOS INB Ay
where swelling has resolved, but mice display ongoing chilikgcsynovitis. Constriction
responses were measured in mice from eaobugp and compared to age and sematched

naive control mice.

Constriction responses from mice terminated at Day O show no constriction d&figitré

5.1 A when compared to unchallenged control mice. Furthermore, circulating galgcti
levels in primed mice did not significantly differ from the control migigyre 5.1 R Mice
terminated on Day 3 show a significant decrease in constriction respoegielenced by a
smaller Rmax, when compared to control mice. Unchallenged micehms tsystemically
primed for AIA but without arthritis (Day 0) showed constriction responses of Rmax of 8.4
mN, whereas mice with AIA terminated on Day 3 reacheRmax of 5.3 mN=fgure 5.1 L

The local administration of mBSA antigen to the joint isuneml to trigger vascular

dysfunction in this model¢ KS & OdziS¢ LKIFasS 2F ' L! gl 3

constriction responsesThe galectir8 levels in the circulation at Day 3 post IA injection
(Figure 5.1 D was significantly elevated (p<0.001) fr@d@d ng/mL in naive mice to 71
ng/mL in mice with AlA.

By Day 10, AlA features a more chrdike inflammatory response. Swelling typically peaks
at Day 3 and resolves to neaormal values by Day 10. Interestingly at Day 10, conistnict
responses were restored (Rmax of 8.9 mN) to the functional level noted in mice without
AlA Figure 5.1 E Furthermore, the circulating galecttlevels were comparable to that in
control mice Figure 5.1 = Therefore, AlIA induction results in vasgcuthanges and an
increase in serum galect® levels that follow a comparable time course to that of joint

swelling.

144

i K.



Chapter 5

(A) (B)

104 150+
=z
E g 2
<
S £ |
2 o 210 0
O
= 2 8
g T 50+ "y —2—
T 24 T [=X¢]
: | 3 B ol
3 -# Naive Rmax 8.4mN 8
0= -o Primed Rmax 8.4mN 0-
I T T T T T 1 T T
-10 -9 -8 -7 -6 -5 -4 Naive Primed
Log [6HT]
1504
- 107 *kk
£ =
£ 84 £
o
5 S 1004 o
é 6 *kkk ; ‘%
2 ;
c
. = [¢]
[}
[s] 0 —#- Naive Rmax 8.4mN 0
- -6~ AIA Day 3 Rmax 5.3 mN
1 1 1 1 ] T 1 1 1
-10 9 -8 -7 -6 -5 -4 Naive Day 3
Log [5HT]
105
= 150+
E g =
c
£
3 g S 1004
< (=
S £
= ™
g 4 £ o
&5 g 50 "y Q9 o
° 2 8 —T.E D—Qﬁ-e—
D ] [¢]
(a] -m Naive Rmax 8.4mN fe)
0- o Day 10Rmax89mN 0~
T T T T T T 1 T T
-10 -9 -8 -7 -6 -5 -4 Naive Day 10

Log [5HT]

Figure 5.1: AIA induction causes decreased vascular constriction that coincides with ele
circulating galectin3.

Antigeninduced arthritis was induced in wilggpe mice and 5Hinduced constriction respons
were measured at various timgoints. (A) Mice primed with mBSA in CFA and pertussis toxin
were culled on Day 0 and constrictioesponses measured against naive (n=5) mice. (B) Plasr
harvested from primed mice (n=11) and a gale&i&LISA performed. Data shown is not signifi
(C) Constriction responses from mice culled on Day 3 (n=8) of the AIA protocol were comj
naive mice (n=5). **** p<0.0001 as determined bynay ANOVA with Sidak pestst. (D) Plasi
was harvested from AIA mice (n=14) Day 3 post IA injection and gabeldirels were quantifie
and compared to naive mice (n=6). ***=p<0.001 as determined-iegtt (E) Constriction respon:
from mice culled on Day 10 of the AIA protocol and compared to naive mice. n=5/group. (F)
was harvested from AIA mice (n=15) Day 10 post IA injection and gadeletirels were quantifie
and compared to naive mice (B) Graphs are shown as mean + SEM.
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5.2.2 Elevated T cealbsociated cytokines at Day 3 of AIA

Vascular dysfunction and elevated systemic levels of gal8atire features of AIA at Day 3.

T cells are required fahe model, as evidenced by the use of nu/nu BALB/c mitéce
lacking a thymus and therefore unable to produce T aeligho were resistant to mBSA
induced arthritis(Brackertz et al. 1977)out did develop arthris following transfer of
lymph nodes and spleens from syngeneic donors. To identify systemic-dssmtiated
cytokines that coincided with a reduction in vascular constriction, a multiplex assay was
performed on plasma from naive or AIA mice. T cell eardFN and [E17A were
significantly upregulated in mice with AlKigure 5.2 A, B Inflammatory markers TNF

and |6 were also significantly increased in mice with AIA compared to naive Riipee

5.2 C, I I:5 was increased when compared to naive controls, although this was not
significant Figure 5.2 E Interestingly, the inflammatory response as a resfl the
induction of AIA did not affect circulating-4Llevels, suggesting that the T cell cytokine
response that results in vascular dysfunction is independent of Th2 sign&ilingg 5.2
Circulating 1" levels decreased during AlRidure 5.2 & Furthermore, H21 and [E22
levels did not differ upon AIA induction and remained comparable to baseline levels

observed in naive controlfigure 5.2 H,)

The quantification of serum cytokine levels at Day 3 of AIA indicate siistemic
inflammatory cytokines are induced following local antigen challenge. Here, peripheral T
cell responses and their associated effector cytokines may contribute to vascular changes

that underpin vascular dysfunction.
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Chapter 5

5.2.3 AlA results in aortic T cell infiltostiat Day 3

The circulating cytokines iRigure 5.2are in direct contact with the blood vessel wall,
which may promote endothelial activation that contributes to vascular inflammation,
stiffness and defective constriction. However,ethocal environment such as the
perivascular adipose tissue (PVAT) and the aorta is also infiltrated by immune cells during
inflammatory arthritis, as evidenced by increased CD3 T cell and gadeetipression in

the PVAT in the CIA model @Ghapter 3of this Thesis. This change in vascular pathology
influences vascular tone and contractility by promoting vascular remodelling and the
proliferation of vascular smooth muscle cdl&avoia et al. 2011Yo understand the T cell
related signals occurring in the blood vessel and PVAT that could influence pathological
mechanisms in the tissue, the expression of T cell inflammatory malié&isand Ifn* was
quantified in the aorta associated PVAT on Day 3 and Day 10 of AIA by qPQR7Batid

Ifn expression in the aorta was increased at Day 3 and reached statistical significance at
Day 10. Similarlyl17aexpression increased in the PVAT at Day 3 and Ddyidur€ 5.3 A
However Ifnt expression in the PVAT remained comparable to that in hgatimtrol mice
(Figure 5.3 B Heightenedll17a and Ifn* expression in the aorta, but not the PVAT,
combined with elevated HL7A and IFN in circulating blood suggests that the local
expression of these inflammatory cytokines may be important in thee nolthe vascular

inflammation.

While the expression dil7aand Ifn* was significantly increased at Day 10, constriction
responses at Day 10 were restored to baseline levels. Therelvag, 10was not an
appropriate timepointto test the hypothesis of this Chapter which wésat targeting
galectin3 suppresses CD4 cell responses to limit the vascular constriction .d&fimit

while genetic expression of these markers were not significantly increased at Day 3, there is
a strong trem toward increasedl17aand Ifn* expression in the aorta, suggesting that T

cells are still involved in the vascular inflammation at Day 3.

Taking this into accoungnd that defective vascular constriction responses were observed
at Day 3,Day 3 was chosen as the timepoint to study vascular inflammation in future
studies. In addition to this, the regulated effect of gale@inevels in association with
constrictionresponses, and CD4 T cell related expression in the vasculature resulted in the
AIA model being chosen to investigate gale&@imhibition, via the use of GB1107, to test
the hypothesis of thi€hapter.
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Figure 5.3: Increased expressi of T helper cell signature cytokines in the aorta during AIA
Thoracic aortas and PVAT was harvested from mice at Day 3 and Day 10 of AIA. RNA was
and a gqPCR performed. (A)l7a expression was quantified in aorta and PVAT and is sho
relative expression to naive sample and normalisedhtdb housekeeping gene. (B) Graph shov
Ifn' expression in aorta and PVAT at Day 3 and Day 10 of AIA and compared to naive mict
are shown as mean SEM. Significance was calculated by-ormy ANOY with Tukey postest.
*=p<0.05; **=p<0.001.
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5.2.4 Inhibition of galecti3 did not alter the incidence of AIA

To determine whether targeting galectiusing GB1107 influenced the progression of AlA,

a pilot exgeriment with a small number of mice was carried out to form initial observations.
This approach also enabled me to work within the constraints of the myograph, in that only
a small number of tissue samples could be processed at any one time. Mice werk dose
with 10 mg/kg GB1107 in vehigieopylene glycol in HPMftom Day-2 to termination on

Day 3 via oral gavage. Mice were weighed daily from arthritis induction on Day 0 to Day 3.
Weight loss was significantly decreased in mice with AIA treated with GBA&hen
compared to naive controld=jgure 54 A). The administration of mBSA to the knee joint
normally triggers a robust inflammatory response that is quantified by measuring knee
swelling. In untreated AlA, joint swelling in excess of 1.0 mm is expeatdédby 1 if the
systemic antibody titre is sufficient and the mBSA is delivered into the joint space after
intra-articular injection on Day (Nowell et al. 2009)Moderate swelling was noted in the
GB1107 treated group (1.3 mm above baseline). However, only mild swelling (maximum of
0.6 mm) was observed in the groupattreceived vehicleHigure 5.4 B mBSAspecific IgG
antibody levels were quantified in the plasma of mice with and without AIA. The results
were compared against plasma samples from previous AlA experiments where the swelling
profile was higher and ithe normal range for a typical experiment. Plasma mBg&cific

IgG titres were identical in the AlA pilot study and in the historical samplgaré 5.4 L

This indicates that while swelling was decreased in this experiment, the immune response

to mBSAwvas comparable to previous experiments.

To achieve the nexaim of this Chapter, the effect of GB1107 on cellular infiltrate to the

inflamed synovium and the lymph node was characterised by flow cytometry.
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Figure 5.4: Establishing the antigen induced arthritis model
Antigen induced arthritis was established in wijghe male mice and were treated with 10 mg
GB1107 or vehicle (% propylene glycol in 0.5% HPMC) once daily via oralggayA) Weight lo
across each group. Significance was calculated bynayeANOVA with Tukey petast. (B)Swelling
was assessed by measurement of knee diameter Day O prior to mBSA administration
everyday thereafter until termination. (C) mBS#esific antibodies were measured in the plasm
mice treated with vehicle or GB1107 and compared to antibodies from naive mice and from
samples from historical experiments conducted in the l@akaphsare shown as mean + SEM wh
*=p<0.05.
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5.2.5 GB1107 reduces CD4 cell infiltrate to the synovium during AIA

During inflammatory arthritis, CD4 cells are recruited to the joint space and engage with
dendritic cells to result in ractivation of T cells andeppetuation of inflammatory signal
(Prendergast et al. 20187 he effect of GB1107 on CD4 infiltrate, and subsequent effector
CD4 cells to the inflamed synovium were measured. Treatmat GB1107 reduced the
proportion of CD3CD4 cells in the synoviumFgure 5.5 A There was a trend toward
reduced CDZD4 cell number upon treatment with GB1107, but this was not significant
(Figure 5.5 B When CD4 effector cells were measured, while there was no effect observed
in the proportion of IE17-producing cells, treatment with GB1107 exhibited a trend toward
decreased number of HL7-producing cells in the synoviurkigure 5.5 C, D Inhibition of
galectin3 by GB1107 significantly increased the proportion of Ipiéducing cells and a
trend toward increased IFNexpressing cell numbefFigure 5.5 C,)EWhen [EL7IFN*
populations were studied, treatment with GB1107 increased the proportion of these cells,
with the increase reaching statistical significance in the proportion of cells staining
positively for IE17 and IFN(Figure 5.5 C,)F

While GB1107 decreased CD4 cellular infiltrate to the synovium, further studies were
carried out to evaluate the effect of GB1107 on the gene expression of T cell markers and

galectin3 in the inflamed synovium.
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Figure 5.5: Treatment wh GB1107 reduces CD3+CD4+ cell infiltrate to the synovium
Wild-type male mice undergoing AIA were treated with 10 mg/kg GB1107 or vehicle once ¢
oral gavage. Synovium was collected and digested on Day 3 following termination and cells
for live, CD3, CD4,-17A and IFNand run on a flow cytometer. (A) Graphs showing proportion
(B) number of CDO&D4 cells in the synovium after treatment with vehicle or GB1107. Cells ar
numbers are gated and based on live cells, as determinechdnative ZombieAqua staini
(BioLegend). Significance was calculated-tegt where **=p<0.01. (C) Representative FACS plc
IL-17A vs IFNexpressing cells collected from the synovium. Cells based on proportion 6€E0&
cells. Large numbers areepcentage of cells in each gate. (D) Proportion and number -&¥ A
expressing cells, (E) IFBixpressing cells and (FYIZATFNG expressing cells in the synovium. C
are shown as mean + SEM with 4 animals/group and samples run in duplicate. &igaifica
calculated by test where *=p<0.05; **=p<0.01.
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5.2.6 Inhibition of galecti8 does not alter T cell effector cytokine expression in the

inflamed synovium

Gene expression analysis of the inflam®ghovium was carried out in mice treated with

GB1107 or vehicle. As the effect of GB1107 on gal&ckavels in the synovium could not

be reliably detected in the synovium by flow cytomet§ection 4.2.3 synovium was

collected and processed for gPCRldmals3gene levels quantified. There was a trend

toward decreased.gals3in mice treated with GB1107, but this trend was very subtle with

I NBtIGABS OKFIy3aS Ay SELINBaarzy FTNRBY wmon i
significant Figure 5.6 A ll17a and Ifn* expression was unchanged following treatment

with GB1107 KFigure 5.6 B.Q. Together, this data shows that galecBninhibition by

GB1107 does noact by regulaing the genetic expression of CD4 effector cells in the

inflamed synovium
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Figure 5.6: No differences ibgals3or T cell markers following treatment with GB1107
Synovium was collected from mice with AIA at Day 3 of the protocol and homogenised in
lysis reagent. RNA was extracted using chloroform separation technique and miRNeasy |
(Qiagen) and gPCR performed. (A) Graph showiggls3(B) lI17a and (C)Ifrv expression i
synovium following treatment with GB1107. Data are shown as me2iaM. n=4/group.
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5.2.7 GB1107 reduces CD4 cells in the lymph node in AIA

Lymph nodes are reservoirs of lymphocytes andyph role in regulation of immune
responses by facilitating the release of leukocytes, inflammatory mediators and drainage of
extravasated fluid(Schwager and Detmar 2019)he effect of galectifB inhibition on
draining lymph node lymphocyte populations was determined. Inguinal lymph nodes were
collected from naive mice with AIA treated with vehicle and mice with AIA treated with
GB1107. CD4 cells were isolated from lymphespdtained for CD4 effector cells and flow
cytometry performed. Mice with AlA, regardless if treated with vehicle or GB1107, had
significantly decreased proportion of C@®4 cells in the lymph node when compared to
naive. When the number of cells in themph nodes were counted, the same trend was
observed whereby mice with AIA had decreased*CDZ cell number compared to naive
mice Figure 5.7 A, B When CD4 effector populations were measured, there were no IL
17A producing cells in the lymph nodeBigure 5.7 C, D Treatment with GB1107
significantly increased both the proportion and number of /IFXpressing cells in the
lymph node Figure 5.7 C,)Bwith approximately twice the number of IFxpressing cells

in GB1107 treated lymph nodes comparednaive lymph nodes. The overall decrease in
CD3CD4 cells in the lymph nodes in mice with AIA may be in part due to the migration of
these cells to distant sites of inflammation such as the synovium during this acute phase of
the AIA model. One of thegdistant sites may include the vasculature, which was the next

focus of the study.

5.2.8 No change ingals3ll17aor Ifnt expression in the vasculature in mice treated
with GB1107

As shown inFigure 5.3 there is inflammatorycell infiltrate to the vasculature at Day 3
during AIA. To determine if this could be mediated by treatment with GB1107, RNA was
extracted from aorta and PVAT and a qPCR carriedllddta expression was increased in

the aorta and PVAT following AIA induction, but this was unchanged by GEigGi& (5.8

A). Similarly, there was a trend toward increaséal expression in the aortapon AlIA
induction but this was not significaaind unchanged by treatment with GB11@hd there

was no difference ifn infiltrate to the PVAT during Al&igure 5.88).
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Figure legend on following page
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