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Abstract

Osteoarthritis (OA) is one of the most common joint diseases and very challenging to treat since
there are no disease-modifying drugs available. In recent years, galectins were suggested to play
arole in the pathophysiology of OA. Therefore, their effect and the elucidation of corresponding
binding partners became of rising interest. In a previous study, it was proven that the glycan
patternin OA cartilage is altered, presumably providing altered binding sites for galectins (Toegel
etal., 2013). Another study proved that Gal-1, -3 and -8 were expressed in OA chondrocytes with
an increasing tendency during progression of the disease (Toegel et al., 2014). Considering these
findings, the current thesis aimed to investigate the in vitro effects of various galectins and
biochemically-modified galectin-variants in OA chondrocytes and synoviocytes.

In general, synoviocytes showed limited reactivity towards galectin treatment as compared to OA
chondrocytes. The qPCR data in OA chondrocytes indicated an up-regulation of IL1B and MMP13
by all galectins, most effectively by Gal-3 and Gal-8. Moreover, Gal-1 induced a strong and
consistent up-regulation of IL1B and MMP13 in OA chondrocytes. As shown in Western blot
experiments, the activity of Gal-1 could at least be partially mediated by activation of NF-«<B
signaling.

Further experiments focused on biochemical variants of Gal-1, Gal-3 and Gal-8. The insertion of a
linker peptide into the homodimeric structure of Gal-1, as pursued in the Gal-1 variants, did not
reveal an impact on the effect of Gal-1 regarding IL1B and MMP13 gene expression in OA
chondrocytes. In case of Gal-3 and its variants, the data suggest that biochemical modification of
the protein structure impacts on the activity of Gal-3 in OA chondrocytes. Gal-3_N induced a
significantly stronger effect on IL1B and MMP13 up-regulation, whereas Gal-3tr revealed a
reduced activity as compared to the full-length protein. The variants of Gal-8 —i.e., Gal-8_NF19Y
and Gal-8_SF19Y —indicated a significantly lower effect on IL1B and MMP13 up-regulation in OA
chondrocytes, suggesting that the naturally occurring single nucleotide polymorphism could
impair the effect of this galectin.

The results obtained in current thesis suggest that glycobiology might play a role in OA and
provide the first step towards further experiments to elucidate the role of galectins in the context

of arthritic diseases.



Zusammenfassung

Arthrose zahlt zu einer der haufigsten degenerativen Gelenkserkrankungen und hat, auch auf
Grund des Mangels an geeigneter Pharmakotherapie, eine sehr schlechte Prognose. In den
vergangenen Jahren stieg das Interesse an Galektinen und ihrem moglichen Beitrag zu
Gelenkserkrankungen. Im Zuge dessen widmete sich eine rezente Studie der Identifizierung der
Glykanmuster in arthritischen Knorpelzellen. Hierbei wurde gezeigt, dass sich das Glykanmuster
in Knorpelzellen im Verlauf einer Arthrose verandert, wodurch veranderte Bindungsstellen fir
Galektine bereitgestellt werden kénnen (Toegel et al., 2013). Weiters wurde bewiesen, dass
Knorpelzellen mit fortschreitender Degeneration vermehrt Gal-1, -3 und -8 exprimieren kénnen
(Toegel et al., 2014). Diese Resultate richteten in Folge das Interesse auf die biologische Aktivitat
von Galektinen und modifizierten Galektin-Varianten in Knorpelzellen und Synovialzellen
arthritischer Patienten. In der vorliegenden Arbeit wurden hierfir die Verdanderung der
Expressionsrate zweier Gene (IL1B und MMP13) herangezogen, die im Knorpelgewebe zu
katabolen Prozessen beitragen.

Im Vergleich zu Knorpelzellen, haben Synovialzellen nur eine begrenzte Reaktivitat auf eine
Behandlung mit Galektinen gezeigt. In Knorpelzellen induzierten alle Galektine, vor allem Gal-1, -
3 und -8, die Expression von IL1B und MMP13. In Western Blot Experimenten konnten wir zeigen,
dass der starke Effekt von Gal-1 auf dessen Fahigkeit zur Aktivierung des NF-¢B Signalwegs
zuriuckzufuhren sein konnte. Ein weiterer Fokus wurde auf biochemisch modifizierte Varianten
von Gal-1, -3 und -8 gelegt. Im Falle von Gal-1 zeigte die Insertion eines Linker-Peptids in das
Homodimer keine Verdanderung des Effekts auf IL1B und MMP13 in Knorpelzellen. Die
Modifikation von Gal-3 hingegen rief verdnderte Effekte in Knorpelzellen hervor. Gal-3_N
induzierte eine signifikant hohere Regulierung von IL1B und MMP13, wadhrend Gal-3tr eine
Reduktionn dieser Gene bewirkte. Die natlrlich vorkommende Punktmutation in den Varianten
von Gal-8 (Gal-8_NF19Y und Gal-8_SF19Y) fiihrte zu einer Beeintrachtigung der Wirkung von Gal-
8 in Knorpelzellen.

Diese Ergebnisse zeigen, dass die Glykobiologie eine Rolle in der Pathophysiologie der Arthrose
spielen konnte. Weitere Forschungen sind notwendig, um die Effekte der Galektine im

Zusammenhang mit Arthrose aufzuklaren.
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1. Introduction

1.1. Human articular cartilage

Cartilage is a non-innervated and avascular tissue, excluded from systemic regulation. Human
articular cartilage consists of only one type of cells called chondrocytes. These cells are
responsible for the maintenance of a stable extracellular matrix that is primarily composed of
proteoglycans, water and collagen fibrils. In healthy individuals, cartilage carries important joint-
protecting functions. It relieves joints due to distribution of the pressure on the subchondral
bone, hindersinteraction of bare bones and reduces attrition. Once articular cartilage is damaged,
it cannot be renewed in its original form (Pearle et al., 2005).

Human articular cartilage is organized in four zones that differ in structure and function (Fig. 1.1).
The superficial or tangential zone constitutes about 10 to 20% of the cartilage thickness and is
first affected by damage. This zone has the highest percentage of collagen fibrils, which are
packed tightly and run parallel to the articular surface. The middle or transitional zone constitutes
the largest amount of cartilage volume with about 40 to 60% and consists of thicker but loosely
packed collagen fibrils. The next layer, known as deep or radial zone, includes the highest
concentration of proteoglycans. Its collagen fibrils are thinner and longer, arranged vertically to
the articular surface. It accounts for about 30 to 40% of the cartilage. The calcified zone builds the
transition between cartilage and subchondral bone and interfaces directly with the bone. Deep
zone and calcified zone are separated through the tidemark. The structure of human articular

cartilage is depicted in the figure below (Fig. 1.1).
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Fig. 1.1. Layered structure of articular cartilage. Left picture: cellular organization, right picture: architecture of
collagen fibrils. (Taken from http://ajs.sagepub.com/content/26/2/309/F2.large.jpg, 18.05.2015)

Proteoglycans are most important for the conservation of a healthy cartilage. The main type in
human articular cartilage is aggrecan, consisting of chondroitin and keratan sulfate. These
glycosaminoglycans are due to their negative charge able to bind water and are responsible for
compression resistance. Via link to a hyaluronate molecule they build a stable proteoglycan
aggregate that is interacting with the collagen fibrils. The subchondral bone rests directly below
the calcified zone. These are separated from each other by the so called cement line. It can be
directly involved in the metabolism of cartilage and supplies chondrocytes with nutrients through

canals extended into the calcified zone (Madry et al., 2010). The following picture illustrates the

Tidemark

anatomic structure of a healthy joint (Fig. 1.2.).
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Fig. 1.2. Anatomy of a healthy joint.
(Taken from: http://www.hindawi.com/journals/jnm/2012/673968.fig.001.jpg, 18.05.2015).

1.1.1. Osteoarthritis

Osteoarthritis (OA) afflicts millions of people and is known as one of the most impairing diseases
in the elderly population leading to disability. Patients often suffer from severe joint pain,
stiffness, swelling and impaired movement. The disease affects the whole joint and comprises
degeneration of articular cartilage, subchondral bone and also causes changes in synovial fluid
and membrane. OA is usually associated with the family of degenerative diseases and is mainly
characterized by a progressive cartilage damage and catabolism. The disease is primarily affecting
weight-bearing joints, such as hips or knees. The prevalence of OA increases with age. However,
younger people with genetically determined fragility of cartilage matrix, or regular stress on a
particular joint, can also be affected from this disease. The pathogenesis of OA is still unexplained.
In the end stage of this process, a total joint replacement is often inevitable due to functional
impairment and a compromised life quality of the patients. OA is very challenging to treat,
because once articular cartilage is damaged, its regenerative capacity is very poor due to a low

metabolic activity of chondrocytes. The progression of OA is directly linked to an uncontrolled
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proteolysis and change of the extracellular matrix, whereby cartilage loses its resilience to
mechanical load and subjacent zones are thereby exposed to more pressure. Secondary to
alterations in articular cartilage, a remodeling of the affected joint appears as a failed trial to
improve the situation, which can result in osteophyte formation and/or bone thickening
(Heinegdrd et al., 2010). During the progression of OA, articular cartilage becomes thinner,
changes its surface or can partially be completely degenerated. Furthermore, it comes to friction
of the bare bones, joint space narrowing and reduction of synovial fluid that normally provides
nutrients for the cartilage. Thickening of bone and capsule, inflammation of synovia, subchondral
bone sclerosis and osteophyte formation are also features associated with OA. Osteophytes are
bony extensions on the edge of a joint that are trying to enlarge its bearing area to reach joint
relief. An osteoarthritic joint represents a thin cartilage layer with a thickened bone suggesting
that micro-cracks in the subchondral bone are responsible for shifting up the tidemark due to
increased reactivation and sclerosis formation (Sharma et al., 2013). The following picture

presents the anatomy of an osteoarthritic joint (Fig. 1.3.).

Osteoarthritic joint
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joint capsule
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Fig. 1.3. Anatomy of an osteoarthritic joint.
(Taken from: http://www.hindawi.com/journals/jnm/2012/673968.fig.001.jpg, 18.05.2015)
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It is still not possible to determine whether the process of the disease has its origin in the cartilage
or in the underlying bone. A difficulty in dealing with this issue is that clinical manifestations of
OA are recognized very late when alterations are already became too advanced (Heinegdrd et al.,
2010). The subchondral bone was revealed to carry a big role in load transmission and gives
reason to consider OA not only as a cartilage disease. Furthermore, an interplay between both
has been suggested due to formation of micro-cracks that may facilitate the crossover of

molecules from one to the other (Sharma et al., 2013).

1.1.2. Osteoarthritis as an inflammatory disease

For many years OA has been classified as a mechanically induced degenerative joint disease
primarily characterized by cartilage damage. In recent years, however, an inflammatory theory
became of interest since many studies discovered that cartilage breakdown may be partially
induced through pro-inflammatory cytokines modulating the metabolism of chondrocytes to
increase matrix metalloproteinase (MMP) synthesis (Pearle et al., 2005; Martel-Pelletier, 2004).
Especially MMP-13 was revealed a collagenases to be primarily involved in cartilage degradation
(Martel-Pelletier, 2004) and shown to be synthetized by human chondrocytes (Reboul et al.,
2011). Among cytokines, IL-1p and TNF-a were revealed to be leading mediators of inflammation
during OA (Kobayashi et al., 2005), both able to increase MMP-13 levels and to activate catabolic
pathways (Fernandes et al., 2002). IL-1B is a cytokine protein encoded by the IL1B genein humans.
Furthermore, an imbalance between the synthesis of MMPs and its tissue inhibitors, directed
towards MMPs in osteoarthritic chondrocytes, was already evidenced many years ago (Dean et
al., 1989). MMPs seem to play an important role in cartilage degradation. Moreover,
inflammatory cytokines were found to be capable of activating the NF-«xB pathway particularly in
the superficial zones of OA cartilage (Fan et al., 2007). This activated pathway plays an important
role in inflammation and is in turn able to further increase IL-1p and TNF-a levels and to create a
positive feedback loop (section 1.2.1.). Although the inflammation level in OAis not as high as in
rheumatoid arthritis (RA), it has been repeatedly evidenced that inflammatory reactions occur
during early and late OA and may contribute to the pathogenesis of this disease (Benito et al.,

2005).
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1.1.3. The role of synovitis in osteoarthritis

The highly vascularized synovial membrane, consisting of synoviocytes, is physiologically
important for the maintenance of a healthy cartilage. Via synovial fluid, the cartilage is supplied
with nutrients and joint space is provided. Furthermore, it is responsible for the removal of
products that occur during matrix degradation (Sellam et al., 2010). As presented in Figure 1.3.,
during progression of OA, an inflammation of the synovial membrane resulting in synovitis may
occur and can be evidenced by the existence of clinical symptoms, such as joint swelling, sudden
painincrease and morning stiffness (Krasnokutsky et al., 2008). In OA, angiogenesis in the synovial
membrane was shown to be increased, which may support inflammation or vice versa (Walsh et
al., 2007). Furthermore, synovial hypertrophy and hyperplasia were additionally revealed
exposed through an increase of synovial lining cells (Myers et al., 1990). The existence of synovitis
in patients with early OA could be already proved (Benito et al., 2005). Still the question remains
whether the changes in synovial membrane are primary or the consequence of cartilage
degradation and joint inflammation. In OA patients, synovitis was only found at sites that are
linked to degenerative cartilage, which may suggest that synovitis could be triggered through
cartilage-breakdown products that immigrate into synovial fluid (Ayral et al., 2005, Sellam et al.,
2010). The role of synovitis in the pathogenesis of OA still needs to be elucidated in detail. An

understanding of this context would provide new insights into therapy options.

1.1.4. Therapy of osteoarthritis

Although OA is one of the leading causes for disability and joint replacement, there is no disease-
modifying therapy until now. The treatment is very challenging since the diagnosis of OA at an
early stage constitutes a fundamental difficulty. The disease is often not clinically recognized until
anatomic changes already reached an advanced stage. Efforts to find techniques for an earlier OA
diagnosis also have to be pursued. To date, the pharmacological treatment of OA encompasses
only a symptomatic pain relief. The table below shows commonly used pharmaceuticals in the

therapy of OA including advantages and disadvantages of each (Tab. 1.1.).
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Pharmaceuticals

Acetaminophen
(Paracetamol)

Effect

Analgesic

Advantage

No gastrointestinal
(Gl) bleeding

Disadvantage

Hepatotoxicity, rarely
anti-inflammatory
effect

Non-steroidal anti- Cyclooxygenase Stronger analgesic Gl bleeding

inflammatory Drugs  (COX)-Inhibition effect

(NSAIDs); e.g.: (Analgesic, anti-

Naproxen, lbuprofen inflammatory)

Selective NSAIDs; COX-2-Inhibition Thought to cause less Gl bleeding,

e.g.: Rofecoxib (Analgesic, anti- Gl bleeding cardiovascular
inflammatory) concerns

Opiod analgesics,
e.g.: Tramadol

Intra-articular
injection of steroids,

Opiod receptor
inhibition

Glucocorticoid
receptor inhibition

Strong analgesic
effect

long lasting effect (2-
4 weeks)

Opioid addiction,
elderly people

Disease progression,
Osteoporosis

e.g.: Cortisol (Anti-inflammatory,
immunosuppressive,
analgesic)

Tab. 1.1. Pharmaceutical drugs applied in OA.

Non-pharmaceutical interventions include a regular physical activity, loss of body weight and
particularly body fat reduction to relief weight-bearing joints and to decrease the level of
adipokines released by adipose tissue. Other possibilities encompass intra-articular injection of
hyaluronic acid for an improved gliding and lubrication, or treatment with glucosamine and
chondroitin sulfate products. For the last mentioned, a safe long-term use was reported but their
efficacy remains controversial (Zerkak et al., 2004). In most cases, a total joint replacement is
inevitable to release patients from their suffering and increase their life quality. The development
of disease-modifying drugs to provide symptom relief and delay OA progression is an important
challenge in medical treatment. Therefore, key targets that are involved in catabolic mechanisms
of OA are of interest. Experimental studies were already done towards MMP- and -NF-¢B-
inhibitors, as well as inhibitors of interleukin-converting enzyme (ICE). The ICE activates IL-1] that
in turn is able to evocate a positive feedback loop through NF-¢B activation. Furthermore, IL-1f3

and TNF-a receptor antagonists that are already successfully established drugs in RA treatment
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(Mertens et al., 2009; Taylor et al., 2009) are suggested as disease modifiers in OA. It will take
many more investigations on both, the pathogenesis and the treatment of OA to integrate

successful drugs that may stop the progression and relief patients from severe pain.

1.2. Rheumatoid Arthritis

RA is classified as a rheumatic, inflammatory joint disease with participation of the autoimmune
system. Contrary to OA, the synovium is the central area of the pathogenesis. The disease is
characterized by inflammation of the synovial membrane, synovial hyperplasia, bone and
cartilage degradation, as well as extra-synovial manifestations concerning the lungs, heart, eyes
and causing nodular alterations of the skin. Patients suffer from severe joint pain, particularly in
the morning from joint stiffness, swelling, overheating and reddening. Along with that, the
inflammatory component can cause fever and general weakness, tiredness and anorexia. RA is
affecting, contrary to OA, younger people and is one of the most common rheumatic diseases.
The pain is initially first noticed in small joints of the hands and feet but in progression the disease
affects more than just one joint. Typically, RA appears batch-wise in periods of high activity, in
which the inflammation level increases abruptly. This flare can last for weeks or months until it
decays. When the inflammation decreases again, a period of low disease activity starts, in which
patients experience reduced pain and faded symptoms. This process makes RA challenging to
treat. The pathogenesis is not fully explained but is suggested to be multifactorial including
genetic and environmental factors. A leading role is attributed to an abnormal response of the
autoimmune system and inflammation of the synovial membrane. The healthy synovial
membrane adjacent to articular cartilage consists of an intimal lining layer and a sublining layer
of very small thickness containing mainly synovial fibroblasts. The latter mentioned cells are the
main secretor of hyaluronic acid into the joint place. Important functions of this membrane
encompass cartilage lubrication and gliding, nutrition of chondrocytes and zoning of synovial fluid
and its volume maintenance (Smith, 2011). In RA, the intimal layer is thickened and becomes
abnormally proliferative and infiltrated due to hyperplasia. Interactions with the immune system
recruit T and B lymphocytes and macrophages that result in cytokine production in the synovial
membrane. This processes lead to the generation of an inflamed synovial pannus tissue as a major
source of cytokines, proteinases and cartilage damage. Synovial fibroblasts in RA were considered
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to play the leading role in immune cell recruitment, increased vascularity, maintenance of pannus
tissue and also MMP synthesis and secretion (Abeles et al., 2006). The cellular interactions are
complex, self-amplifying and trigger a vicious circle. Cytokines like TNF-a, IL-13 and other
interleukins are produced by many cells during the RA process. Interleukin in turn amplifies
inflammation, induces proteinases synthesis and activates chondrocytes, as well as precursors of
bone resorbing osteoclasts. The tightly assigned processes during pathophysiology of RA are

demonstrated in the next picture using the example of IL (Fig. 1.4.).

IL-1

Activates Induces

Activates Activates
chondrocytes osteoclasts

monocytes/ fibroblast
macrophage proliferation

Inflammation Synovial Cartilage Bone
pannus breakdown resorption
formation

Fig. 1.4. Pro-inflammatory cytokine IL-1 entailing diverse effects in RA.

(Taken from: http://img.medscape.com/fullsize/migrated/editorial/casecme/2008/18719/markenson.fig3.gif,
20.05.2015)

Similarly to OA, the progression of RA leads to cartilage breakdown, bone damage, joint place
narrowing and of course severe synovitis as hallmark. The complex cell interplay in RA is not
clarified until date. Various cell types and processes are involved. The NF-¢B signaling pathway is
accepted to contribute to the pathogenesis of the disease. Therefore, the following section

(1.2.1.) will provide an insight in its activation and effect.
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1.2.1. The role of NF-xB pathway in inflammation

Focusing on the canonical pathway, NF-B is a ubiquitous transcriptional factor assembled of a
heterodimer with a p65/Rel A and a p50 subunit. In its inactivated status the protein is localized
in the cytosol and its transcriptional features are blocked by the inhibitor of NF-¢kB (IxB-a). The
activation of the canonical NF-¢<B pathway can be triggered by many factors, such as cytokines,
bacteria, viruses or stress. These are binding to receptors on its surface and initialize the
phosphorylation of IkBa by the inhibitor of NF-«<B kinase (IKK). The inhibitor further dissociates
from NF-¢<B and the activated heterodimers translocate into the nucleus and bind to specific
responsive elements (Marcu et al., 2010). This binding results in activation of specific target genes
such as cytokines and inflammatory mediators, as well as matrix digesting enzymes. Due to a
positive feedback loop, these products entail a further activation of the NF-«B signaling pathway.
These processes demonstrate the role of NF-«B in inflammatory diseases and justifies the
ambition to find therapeutic strategies that are aimed to block or modulate this signaling
pathway. Beside RA, many other chronic inflammatory diseases are associated with NF-«<B
activation, such as asthma, chronic obstructive pulmonary disease or multiple sclerosis.
Furthermore, this pathway is also assumed to play a role in OA. The following picture illustrates

the activation of the canonical pathway and also shows the subunits of the IKK complex (Fig. 1.5.).

Yeptor activation

l Phosphorylation

IKK Complex

Q.)Q

iﬁ Protoasomal degradation

l Nuclear Translocation

Nucleus

- Fig. 1.5. NF-(B signaling pathway.

e > Receptor activation through cytokine binding leads to I(Ba
m DNA phosphorylation and degradation by IKK. The activated heterodimers
KE Ske translocate into the nucleus and initialize transcription of target genes.
(Taken from: http://a.static-abcam.com/CmsMedia/Media/abwire-

diagram01---short.jpg, 20.05.2015)

Transcription
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1.2.2. Therapy of rheumatoid arthritis

In the last years, particular focus was set on the treatment of RA, although it affects less people
than OA. Albeit there is still no cure provided for RA, the therapy includes not just pain relief, but
also drugs that can delay the progression and limit damage development. The aim is to increase
the life quality of patients and to extend terms of low disease activity. Beside non-pharmaceutical
measures that include a regularly physical activity, healthy diet and loss of body weight, there are
also different pharmaceutical drugs available that have to be adapted to the individual course of
the disease in each patient. Medical treatment encompasses drugs of various classes including
NSAIDs, disease-modifying anti-rheumatic drugs (DMARDs), glucocorticoids and biologicals.
DMARDs and biologicals have immunosuppressive and progression slowing effects, while NSAIDs
just bring pain relief. Biologicals are inhibitors of TNF-a or IL-1 that are meanwhile well-integrated
in the therapy of severe rheumatoid arthritis. The table below lists common used drugs and some

of their possible side effects (Tab. 1.2.).

Drug class Pharmaceuticals Side effects

NSAIDs Diclofenac, Ibuprofen, Gastrointestinal bleeding and
Naproxen, acetylsalicylic acid  ulceration

DMARDs Methotrexate, Leflunomide, Hematotoxicity, renal
Azathioprine, Cyclosporine, insufficiency, lung infections,
Sulfasalazine, fever, gastrointestinal
Hydroxychloroquine complications

Biologicals Infliximab, Adalimumab and Reactivation of tuberculosis

Glucocorticoids

Etanercept (TNFa)
Anakinra (IL-1)
Prednisolone, Dexamethasone,

Methylprednisolone

or hepatitis, incompatibility,
hypertension

Osteoporosis, disturbance of
growth in children,
manifestation of diabetes

mellitus, hypertension

Tab. 1.2. Pharmaceuticals drugs applied in RA.
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The treatment is complex and often requires a combined therapy to aim a desired effect. The

following figure will demonstrate the treatment scheme pursued in RA (Fig. 1.6.).

Methotrexate

Alternative: Sulfasalazine or
Hydroxychloroquine

+Glucocorticoid

4

No remission after
three months

{

Combination of more DMARDs

Methotrexate + Sulfasalazine +
Hydroxychloroquine

U

No remission after
three months

U

Methotrexate + TNFa-Inhibitor
or IL-Inhibitor

Fig. 1.6. Treatment scheme in RA. Initial therapy starts with methotrexate known as the gold standard in medical RA
treatment and a glucocorticoid. In case of missing remission, combination of more DMARDs are necessary. Further
absence of remission requires combination with a biological drug (cytokine inhibitor). If needed, an NSAID is
prescribed additionally.
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1.3. The family of galectins

Galectins, a subgroup of lectins, are a family of animal carbohydrate-binding proteins that all
share a specifically binding affinity for B-galactoside carbohydrates and a conserved amino acid
sequence in their binding site (Barondes et al., 1994). Currently, 15 mammalian galectin members
have been already described (Liu et al., 2010), all containing a specific carbohydrate-recognition
domain (CRD) that is responsible for their binding activity. This CRD encompasses a domain of
about 130 amino acids (Barondes et al., 1994). Galectins are classified into three subfamilies,
based on the structure of the polypeptide chain: prototypical, tandem-repeat- and chimera-type
galectins. The first group includes Gal-1, -2, -5, -7, -10, -11, -13, -14 and -15. These galectins have
one single CRD and can build non-covalently homodimers through dimerization of the CRD.
Tandem-repeat-type galectins are identified as Gal-4, -6, -8, -9 and -12 containing two
homologous or different CRDs within one polypeptide chain that are connected by a linker
consisting of about 70 amino acids. Gal-3 is the only member belonging to the chimera-type
subfamily. It consists of one CRD linked to a non-lectin extended N-terminus of tandem-repeated
segments encompassing about 120 to 130 amino acids. This terminus enables oligomerization of
this lectin to pentamers. The following picture illustrates the three different subfamilies in which

galectins are grouped (Fig. 1.7.).

Prototype Tandem-repeat type Chimera-type

& (TR
v w@\y
@@vm’ﬁ'

F 0 T
Galectin 1 gd|°(Tﬂ 2, galectin 5, &

galectin 7, galectin 10, galectin 11, Galectin 4, galectin 6, galectin 8,
galectin 13, galectin 14 and galectin 15 galectin 9 and galectin 12 Galectin 3

Fig. 1.7. Structure and classification of galectins into three subfamilies. Prototype galectins consisting of one CRD
and building homodimers. Tandem-repeat-type galectins containing two CRDs connected via linker. Gal-3 having one
CRD linked to an N-terminus forming pentamers.

(Taken from: http://www.nature.com/nri/journal/v9/n5/images/nri2536-f1.jpg, 21.05.2015)
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Galectins can be bivalent or multivalent due to the presence of two CRDs or as a result of
polymerization, respectively. Thus, they are able to form two- and three-dimensional cross-linked
lattices with carbohydrates (Brewer, 2002). The next picture presents lattice formation of

galectins (Fig. 1.8.).

Bivalent ligand Trivalent ligand Tetravalent ligand

Fig. 1.8. Galectins forming lattices with glycans. Chimeric-type Galectin-3 binding to a bivalent ligand. Prototypical-
homodimers forming a lattice with a trivalent ligand. Tandem-repeat galectins binded to tetravalent ligands. (Taken
from: http://www.nature.com/nri/journal/v9/n5/images/nri2536-f1.jpg, 21.05.2015).

1.3.1. Galectins and their binding partners - small insight into the glycobiology

In the last years, galectins were shown to have various intracellular but also extracellular effects,
which aroused the interest in characterizing their binding partners. Galectins are not able to be
secreted through the usual pathway due to the absence of a signal sequence, but many galectins
are found to be abundantly secreted into the extracellular place (Hughes, 1999) where their
function is mainly dependent on their lectin feature. Thus, to understand mechanisms involving
galectins, the science of glycobiology is inevitable, since galectins are known to bind to glycan
chains, which are specific polysaccharide structures. Carbohydrates are ubiquitous and individual
in every cell. The attachment of specific oligo- or polysaccharide chains to proteins, is called
glycosylation and happens post-translationally as a protein modification due to the activity of
specific glycosyltransferases. This process is very important, since it grants individuality in
recognition, immunogenicity and biological activity. In previous studies, it was revealed that many
factors, i.e. cytokines, are able to alter the cellular glycophenotype and thus provide altered
surface receptors (Brockhausen et al., 1998, Yang et al., 2007), suggesting that the glycan pattern

might play an important role in the pathophysiology of many diseases. As mentioned above,
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galectins were revealed to have multivalent binding properties and to form glycan-lattices
(Brewer, 2002). Thus, they were suggested to be involved in biological signal transduction in their
interaction with multivalent glycoprotein-receptors. This was e.g. proven for Gal-3, whose
pathogenetic extracellular role in joint tissues was just induced after forming multivalent lattices
with surface glycoproteins, but not as a monomer (Janelle-Montcalm et al., 2006). Since
glycoproteins are known to be essential and abundant in the maintenance of extracellular
cartilage matrix, the assumption that changes in the glycan pattern of human chondrocytes could
play a role in OA became of growing interest. In a previous study, it was demonstrated that the
glycophenotype of OA chondrocytes was actually altered, presumably providing binding sites for
galectins during the progression of the disease (Toegel et al., 2013). This small insight into the
glycobiology should facilitate the demonstration of the relation between galectins, their
carbohydrate binding partners and their role in OA pathophysiology before focus is set on

particular galectin members.

1.3.2. Different galectins and their functions

Galectins have been implicated in numerous different functions including cell protection, disease
pathogenesis, cell regulation, activation of inflammation and many more. Due to this, galectin-
targeting became of interest as a possibility for new treatment options. Therefore, the unveiling
of the various galectin functions is inevitable. The most extensive investigations were carried out

on Gal-1 and Gal-3. Far less is known about the other family members.
1.3.2.1. Galectin-1

The first discovered prototypical Gal-1 consists of a 14 kDa monomer and a single CRD. Human
Gal-1 occurs as a homodimer in solution but can also dissociate into a monomer. Its dimerization
was shown to be not required for a high-affinity binding (Salomonsson et al., 2010). The main
cellular functions are not fully known, but intracellular and also extracellular activities were
described for the protein. For the latter mentioned, its ability to from lattices with carbohydrates
and in turn to affect intracellular signal trafficking plays an insistently role. In contrast, its
intracellular activity is independent of the lectin feature. Many binding partners and effects were

described for Gal-1 including regulation of immune responses in T-cells, inflammation and cancer
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genesis. A relation between an overexpression/expression of Gal-1 in cancer cells and the
malignant progression of tumors was reported in many studies (Camby et al., 2006). These
suggested that the intracellular apoptotic effect of Gal-1 in T-cells (Pace et al., 1999) might
contribute to the progression of cancer diseases. In vivo, Gal-1 treatment in a mice model effected
improvement of RA due to apoptosis of T-cells (Rabinovich et al., 1999). This was the first link
reported between RA and Gal-1. In further studies, down-regulated Gal-1 levels in RA synovium
were correlated with a progression of the disease. Intracellular Gal-1 was shown to have an anti-
inflammatory and immunosuppressive effect, while its extracellular effects were revealed to play
an emerging role in inflammation processes (Liu, 2000). Since it was also proven to be able to bind
to components of extracellular matrix and inhibit the assembly of e.g. chondroitin sulfate
(Moiseeva et al., 2003), Gal-1 was also suggested to play a role in OA. This hypothesis was pursued
and evidenced in following studies where the existence of Gal-1 and its induction of matrix
degenerating enzymes could be revealed in porcine cartilage (Marcon et al., 2005; Marsich et al.,
2008). The expression of Gal-1 in human OA chondrocytes could further be evidenced (Toegel et
al., 2014). Its role in joint tissues therefore became of big interest. The following picture shows

the structure of the human Gal-1 protein (Fig.1.9.).

Fig. 1.9. Structure of a homodimeric human Gal-1.
(Taken from: http://upload.wikimedia.org/wikipedia/commons/a/a2/Protein_LGALS1_PDB_1gzw.png, 22.05.2015)
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1.3.2.2. Galectin-3

This 30 kDa galectin is the only member belonging to the chimera-type subfamily of galectins. It
isassembled of one CRD and an extended non-lectin N-terminus that consists of a proline-glycine-
alanine-tyrosine repeat motif of about 100 amino acids and a short end of about 30 amino acids.
In solution, Gal-3 occurs as a monomer, but via its N-terminus it is able to form pentamers in the
presence of multivalent carbohydrate ligands. Due to its ability to crosslink glycans, it can initiate
signal transduction on the cell surface. Similarly to Gal-1, its expression in many cancer tis