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free-moving people. In the centre is a circle, a “wheel”, representing movement. On top
of the wheel are mice, which have made an indispensable contribution to my research.
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General introduction

Osteoarthritis: prevalence, diagnosis and impact

Pathogenesis, symptoms and risk factors of osteoarthritis

Osteoarthritis (OA) is a debilitating joint disorder that is characterised by a loss of
articular cartilage, which may be accompanied by remodelling of articular cartilage
and/or adjacent bone, osteophyte formation, synovial inflammation, and pain'. While
it can occur in any synovial joint, OA is most frequently observed in de knee, hip or
hand*+. To date, OA remains challenging to treat and its definition, risk factors and
pathophysiology are still evolving®.

The definition of OA was long centred on the changes in the articular cartilage but OA
is now considered a disease of the whole joint, including alterations in the articular
cartilage, subchondral bone, ligaments, capsule and synovial membrane, ultimately
leading to joint failures. The range and severity of symptoms are diverse and can change
over time. In addition, clinical symptoms do not always correlate with the structural
integrity of a joint®, especially in the early phase of the disease: individuals with clinical
presentations of pain and symptoms do not always have radiographic evidence of
disease (i.e. symptomatic OA), and many asymptomatic individuals can present with
severe structural OA changes (i.e. radiographic OA)’. In an attempt to define this
heterogenenous condition, a distinction has been proposed between OA “disease” and
“illness™?®. The “disease” of OA is defined as the measurable abnormalities that could
lead to the illness. These characteristic changes are found radiographically as joint
space narrowing, subchondral sclerosis, subchondral cysts, and osteophyte formation.
The “illness” of OA is defined as the symptoms that bring the patient to the physician,
such as pain or immobility.

Because patients generally seek medical care after symptoms develop, it remains
challenging to identify and treat patients early in the disease or illness process. In
general, OA is more common in women than men, increases with age (i.e. occurring after
the age of 40-50 years), and is greater in developed than developing countries*. Risk
factors for OA can be broadly categorised as either: 1) systemic, including age, gender,
genetics and ethnicity; 2) mechanical, including joint structure/alignment, abnormal
loading, trauma, physical activity and repetitive joint use through occupation; and 3)
environmental, including smoking, sedentary lifestyle, obesity, and nutrition+°. The
factors that initiate OA are likely to vary depending on the joint site.

Changes in cartilage, bone, synovium and infrapatellar fat pad in knee
osteoarthritis

A joint is the connection between bones in the body that allow different degrees and
types of movements. In synovial joints, the most common joints of the body, the
articulating surfaces of the bones come into contact with each other within a joint




Chapter 1

cavity that is filled with a lubricating fluidio. This thesis focuses on the knee joint, as
OA is most prevalent in the knee>+ and association between OA and obesity has been
particularly marked for this joint".

Together with the synovial fluid, thin layers of articular cartilage that cover the surfaces
of the bones reduce the friction between bones during joint movement. Loss of these
articular cartilage layers remains the signature pathological feature of OA, which is
assessed radiographically as a reduction in joint space width and is a major determinant
in the Kellgren-Lawrence grading system for OA severity>3. Cartilage consists solely
out of chondrocytes, which synthesize and maintain the collagen-based extracellular
matrix, and the tissue is not vascularized or innervated*. Instead, compression of the
articular cartilage generates fluid flow, providing nutrients to the chondrocytes by
diffusion®. Partly as a result of these properties, articular cartilage has a low reparative
potentiali4 and failure of chondrocytes to maintain homeostasis between synthesis
and degradation of extracellular matrix components underlies osteoarthritis®. It is
not known what initiates the imbalance between the degradation and the repair of
cartilage, but pathways of OA-induced cartilage destruction include cell death,
activation and abnormal differentiation of remaining chondrocytes, degradation of
the extracellular matrix, and production of inflammatory mediators”. Localized areas
of loss of cartilage can increase focal stress across the joint, leading to further cartilage
loss and malalignment, creating a vicious cycle of joint damage that ultimately can lead
to joint failure®.

Along with progressive loss of articular cartilage, OA is characterised by increased
subchondral bone sclerosis. The subchondral bone is distally connected to the overlying
articular cartilage through a layer of calcified cartilage. These structures are suggested to
act as a functional osteochondral unit, displaying molecular crosstalk and distributing
mechanical forces to minimize shear stresses on the articular cartilage layero=.
Longitudinal studies in patients will need to confirm whether disrupted homeostasis
of this unit is involved in the onset or progression of OA*. Joint disruption leads to
subchondral bone sclerosis, with thickening of the subchondral bone plate, extensive
remodelling of the trabeculae (internal structure of the trabecular bone), development
of subchondral bone cysts, and the formation of osteophytes, in an attempt at repair.
Changes in the subchondral bone plate and trabeculae are associated with activation
of the bone remodelling cycle, probably to adapt to changes in the biomechanics or
to repair microdamage”. Osteophytes are new bony outgrowths at the joint margins,
where the cartilage and bone come together, and are very common in OA - being a
more prominent feature than for example in rheumatoid arthritis**. In addition, the
occurrence of osteophytes in affected joints is an important criterion for the diagnosis
of OA, but their pathophysiology and function is not completely understood+.
Osteophytes may reflect the adaptation of a joint to instability or originate from
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General introduction

an altered, pro-inflammatory internal joint milieu that promotes chondrogenesis
of precursor cells in the periosteum and synovial lining*7. These abnormal bone
remodelling processes, together with increased bone turnover and vascularisation,
contribute to stiffening and reduced mobility of the joint that further aggravate the
disease.

It remains unclear whether the morphological changes that occur in the synovium
during OA pathogenesis are primary or whether they are the result of joint
inflammation, cartilage degradation and lesions of the subchondral bone*3. The
synovium is connective tissue membrane that lines the cavity of a synovial joint>. It is
highly vascular, well-innervated, and consists out of one to three layers of specialized
fibroblast-like synoviocytes that are interspersed with macrophages®3+. The synovium
allows for smooth movement by preventing joint capsule adherence with cartilage
and maintaining a constant synovial fluid volume that provides nutrition and
lubrication to the cartilage3**. Synovial inflammation is common in OA patients*
and is characterised by proliferation and hyperplasia of the lining cells along with
moderate inflammatory cell infiltration and increased vascularity®. Although the
role of inflammation in osteoarthritis (OA) has been heavily debated>3®, mounting
evidence suggests that synovitis and the resultant pro-inflammatory and pro-catabolic
mediators are important in the pathogenesis of OA with effects on articular cartilage.
The role of activated synovial macrophages herein is increasingly appreciated, with a
recent study demonstrating in vivo that macrophage number significantly associated
with knee OA pain, joint space narrowing, and osteophytes*. The factors released
during synovial inflammation attract immune cells, increase angiogenesis and induce
a phenotypic shift in chondrocytes that produce additional cytokines and proteolytic
enzymes, creating a vicious cycle of further cartilage degradation and synovial
inflammation®. Eventually, the inflammatory processes result in reduced levels of
lubricin and impaired lubricating ability of synovial fluid, thus leading to joint friction
and chondrocyte apoptosis#. Synovitis is associated with OA pain in humans, but it
is as yet unclear whether synovitis-mediated stimulation or sensitisation of sensory
nerves is a direct (via the synovial neuronal network) or indirect (via pro-inflammatory
factors) mechanism#+4,

In the past decade, the infrapatellar fat pad (IFP or IPFP; also known as Hoffa’s fat
pad) has come to light as a potential source of pro-inflammatory and pro-catabolic
mediators*+. Like the synovial membrane, the IFP is a well-innervated, highly
vascularised, intracapsular soft tissue located close to the articular cartilage. Like
other adipose tissues, the main cell types in the IFP are adipocytes, fibroblasts, and
immune cells (i.e. macrophages, mast cells, and lymphocytes)+. The function of the
[FP is unknown and purely theoretical. Due to its anatomical position, it has long
been believed to serve a structural function by absorbing shocks* and aiding in the
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distribution of synovial fluid*®, without any presumption of metabolic activity. But,
several reports have now indicated that IFP displays both basal and hormone-induced
lipolysis“®4° and is proposed to represent a potential endocrine link between obesity
and knee OA>. There are compelling indications that the IFP contributes to OA
pathogenesis, but the mechanism remains unclear. Most evidence comes from clinical
studies in late-stage knee OA patients, where the I[FP was found to be more inflamed,
vascularized and fibrous compared with those of control patients without OA>%*, as
well as between obese and lean OA patients?. However, a recent preclinical study
showed little to no involvement of the IFP in early OA pathogenesis>, suggesting that
the IFP can play different roles during the course of the disease.

Knee joint

Sagittal section Frontal section
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\5 membrane \z/

(/
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Figure 1 Anatomy of a healthy human knee joint. The highlighted structures can be affected
by OA and will be referred to frequently in this thesis. Severity scoring of OA in the mouse is
primarily based on the articular cartilage. Articular cartilage is divided into three compartments
which are comparable in location to the human knee depicted here: the lateral tibiofemoral
compartment (LTF), the medial tibiofemoral compartment (MTF), and the patellofemoral
compartment (PF). The locations of articular cartilage (yellow), subchondral bone (beige),
menisci (white), synovial membrane (white), synovial fluid (blue) and infrapatellar fat pad (IFP,
yellow) are shown.
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Social and economical impact of osteoarthritis

Disease progression is irreversible once the osteoarthritic process is initiated, thus
progressively impairing quality of life. Prevalence and incidence estimates for OA differ
greatly due tovariation in OA definition and joint sites under considerations and should
therefore be interpreted with caution. Worldwide estimates are that 9.6% of men and
18.0% of women over the age of 60 years have symptomatic OA%. Approximately 80% of
those with OA will have limitations in movement, and 25% cannot perform their major
activities of daily life>s. In addition, OA-related disability is associated with higher
all-cause mortality and OA patients have a greater risk at developing depression>®®.
In the Netherlands, nearly 1.4 out of 17.1 million people (8.2%) were diagnosed and
registered with OA at the general practices in 20175°. With the aging of the population
in developed and developing countries and the increase in certain risk factors for OA,
particularly obesity and a sedentary lifestyle, it is expected that the number of people
living with OA will increase considerably over the coming decades. Not surprisingly,
this has substantial economic impact: in the United States, the loss of productivity due
to the OA pain and disability, together with the costs of care, has been estimated at 27
billion dollars annually®. In the Netherlands, the costs of care for OA were 1.3 billion
euros in 2015, corresponding to 1.6% of the total national health care costs®.

This social and economical burden is not easily wavered, because no disease-modifying
OA treatment (that is, treatment that will reduce symptoms in addition to slowing or
stopping disease progression) has yet received approval by the regulatory agencies>®.
Current pharmacological treatments are therefore mainly targeted to relief of
symptoms®*%. Non-pharmacologic approaches such as exercise and weight loss can
improve symptoms but to date have not been found to impact disease progression®°:64,
The same is true for pharmacological treatments, including acetaminophen
(paracetamol), nonsteroidal anti-inflammatory drugs (NSAIDs), COX-2 inhibitors,
opioid analgesics, and intra-articular drugs®%¢7. Surgical interventions like total joint
replacement are considered as the definitive treatment of OA, typically limited to
patients with end-stage OA%%. The most recently developed therapies have focussed
on stem cells in the management of OA, however, due to the lack of standardised
methodology, the application of these therapies has so far been discouraged’”. The
complexity and variability of OA aetiology suggests the need for patient-specific,
aetiology-based treatment and necessitates research efforts to better understand
disease development and progression.

Exploring patient phenotypes in osteoarthritis

The broad definition of OA - as a “group of overlapping distinct joint disorders with
similar biological, morphological and clinical outcomes” — already reflects the difficulty
in determining the appropriate treatment strategy for each patient. Identifying
phenotypes of patients is therefore paramount to enable the detection of OA in its
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early stages as well as distinguish individuals who are at higher risk of progression,
which in turn could be used to guide clinical decision-making and allow more effective
and specific therapeutic interventions to be designeds. Computational “big data”
approaches, integrating data from various sources (i.e. clinical, imaging, “omics” data),
are believed to advance identification of OA phenotypes in the future™7. As there is
no generally accepted classification system for OA phenotypes yet’®7, conventional
stratification based on the risk factors that underlie OA (such as obesity, age, or joint
injury), structural features, or symptomatic presentation may remain clinically relevant
for the time being"7”. The truth probably lies somewhere in between, as different
categorisations can serve different purposes (e.g. diagnosis, treatment, prognosis) and
mutually exclusive phenotypes conflict with the multifactorial nature of OA7". For the
sake of simplicity we consider, in this thesis, a conventional OA phenotype termed
‘metabolic OA) also described as metabolic syndrome- or obesity-associated OA.
Metabolic OA is herein characterised by prevalence of a metabolic disorder (e.g. obesity,
dyslipidemia, diabetes, hypercholesteremia) in association with systemic low-grade
inflammation (elevated plasma leptin, C-reactive protein, erythrocyte sedimentation
rate)”.

The role of metabolism in the pathogenesis of osteoarthritis

Osteoarthritis and obesity

The historical concept of ‘wear-and-tear’ was built upon the high incidence of knee OA
observed in obese people, linking the excessive weight to detrimental joint loading?.
However, the recent paradigm shift to ‘OA as a disease of the entire joint’ instigated
recognition that metabolic and inflammatory processes also play a significant role in
metabolic OA. A population-based study demonstrated that obesity approximately
doubles the lifetime risk of developing symptomatic knee OA compared with those
who are of normal weight or are underweight”. Also, weight loss is known to induce
pain relief and improved physical function in obese OA patients, along with decreased
low-grade inflammation®. These observations can be dedicated to the reduction of
mechanical forces, but weight bearing alone cannot explain the significantly higher
rate of metabolic syndrome in the OA compared with non-OA population (59 vs.
23%)®, the frequently observed mild to severe synovitis in OA which intensity correlates
with prognosis®?, and the association of hand OA with metabolic diseases regardless
of weight®. It is currently believed that the systemic low-grade inflammation that
accompanies visceral obesity, dyslipidemia, and insulin resistance is responsible for the
higher risk of OA development in obese individuals, but whether this inflammation is
cause or consequence of metabolic OA remains unknown.
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Diet-induced mouse model to study metabolic osteoarthritis

With the identification of increasingly more metabolic and inflammatory mechanisms
involved, the relationship between obesity and OA has become more complex”.
Preclinical models are critical tools both in advancing our understanding through basic
research and in treatment development. When modelling OA in small animals, it must
be taken into account that distinct mechanisms may drive distinct OA phenotypes®.
Metabolic OA has therefore been predominantly studied with the diet-induced obesity
model in small animals. Silberberg et al. first linked high-fat diet (HFD) feeding with
accelerated OA onset and progression in the 1950s%%. Literature on metabolic OA
models has been scarce since then®, with the vast majority of reports dating from
the past decade. However, use of the model is far from standardised with literature
showing a plethora of conditions that have been employed in as many combinations.
The C57BL/6] mouse strain or genetic variants with this background have been most
frequently employed for this model, as the readily obtained obesity observed in these
mice closely parallels the metabolic adaptations seen in human disease pathogenesis®.
Atlarge, most researchers have employed a very-high-fat diet (VHFD, 60 kcal% from fat)
to induce metabolic OA, sometimes combined with an increased mechanical burden
through surgery or exercise. Many variations in study length are represented, although
most report on a period of at least 12 weeks of VHFD feeding. Last but not least, a key
difference between all publications is the scoring of OA severity. Despite initiatives fora
common system for OA severity scoring in the mouse®’, many groups employ their own
scoring system or use one of many adaptations to the Mankin scoring system designed
for human cartilage®*, thus complicating interpretation of results and comparisons
between studies. In addition to classic methods such as histological examination,
several other approaches have been newly developed or adopted to the small size of
mice, like high-throughput ‘omics’ technologies, that enable comprehensive analyses
of many outcome parameters in OA?.

Lipids, cholesterol, and eicosanoids in metabolic osteoarthritis

Lipidsand cholesterol, next to being essential structural components of cell membranes
and the main source of energy storage, are now increasingly recognized as potent
signalling molecules that regulate a multitude of cellular responses and participate in
the crosstalk between inflammation and metabolismgz. Cholesterol is a hydrophobic
molecule and needs to be associated with a lipoprotein particle to be transported in
the plasma. Plasma lipoproteins are divided into five major classes: chylomicrons,
very-low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-
density lipoproteins (LDL), and high-density lipoproteins (HDL). Increased levels
of cholesterol contained in (V)LDL particles promote cholesterol accumulation and
an inflammatory response, while HDL-associated cholesterol (HDL-C) opposes this
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process and reduces inflammation by promoting the cellular efflux of cholesterol®.
Fatty acids are lipid “building blocks” and are the main contributors to dietary fat
in humans?+. Fatty acids are hydrocarbon chains of varying lengths and degrees of
unsaturation (i.e. the presence of double bonds), with a carboxyl group at one end and
a methyl (w or n) group at the other®. The extent of unsaturation may vary from 1
double bond (monounsaturated fatty acids, or MUFAs) to two or more double bonds
(polyunsaturated fatty acids, or PUFAs)%. Additional complexity in the structure of
fatty acids may arise from the position of the double bonds and from the cis or trans
orientation of the double bonds%. The number, position and orientation of double
bonds can curve the fatty acid chain, thus altering its packing in lipid membranes and
modifying its biophysical properties, such as its melting temperature®. Structural
variationamong complex lipidsand among fattyacids gives rise to functional differences
that result in different impacts upon metabolism and upon cell and tissue responses®,
resulting in different reports on the effects of fatty acids in distinct conditions.
Lipidomics is one of the systems biology methodologies that has become available
for use in small animal models thanks to prodigious technological progress in recent
years. Lipidomics is a branch of metabolomics that focuses on lipid metabolism. It
has been defined as “the full characterization of lipid molecular species and of their
biological roles with respect to expression of proteins involved in lipid metabolism
and function, including gene regulation™®. There are different analytical methods
available: untargeted lipid profiling with which especially the membrane lipids, present
in relatively high concentrations in plasma, serum and tissues, can be analysed (e.g.
phospholipids, triglycerides, cholesteryl esters, free fatty acids), and targeted methods
focusing on the analysis of low-abundant lipid mediators such as eicosanoids. With the
increased sensitivity achieved in recent years, lipidomics provides a powerful tool to
quantify the changes in individual lipids®**7 and has been a key analytic approach in the
research presented in this thesis. Lipidomic analysis of a sample gives a ‘lipid profile,
which contains information on the lipid composition and abundance of individual
lipids present in the starting material.

Inobese persons, free fatty acid clearance and cholesterol metabolism is compromised?,
making lipid accumulation and the ensuing dyslipidemia important features of
obesity. Elucidating the role of lipid metabolism in the pathogenesis of obesity-
related, metabolic OA is therefore of great importance. Hypercholesterolemia is an
important aspect of dyslipidemia which has been associated with an increased risk
of OA%. Cholesterol accumulates in OA cartilage because of deregulation of the
cholesterol efflux in affected chondrocytes>s. Evidence for a contribution of high
cholesterol levels to OA development and progression comes primarily from animal
studies, whereas only few observational studies were performed in humans. In mice, a
diet enriched in cholesterol in combination with a genetic background allowing for an
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atherogenic lipid profile (high (V)LDL-C) has been shown to induceio4 or aggravate'°s
OA. LDL can be oxidized in an inflammatory milieu and hence oxidized LDL (oxLDL)
was postulated to be involved in OA processes such as synovial inflammation, cartilage
destruction and osteophyte formation10s,106.

Until now, most of the evidence linking individual lipids or lipid classes to OA
pathogenesis has been derived from animal in vitro and intervention studies’. It has
been shown that fatty acids can have effects on both OA symptoms and structural
abnormalities — with different fatty acid types exerting distinct effects'”. Saturated free
fatty acids, especially palmitic acid, were found to induce toll-like receptor 4 (TLR-
4, a potent stimulator of inflammatory responses) signalling and extracellular matrix
degradation*7%%. In general, n-3 PUFAs seem to reduce inflammatory markers and
cartilage degradation, while SFAs and n-6 PUFAs show opposing effectsio7. However,
a recent randomised, double blind, multicentre trial revealed no additional benefit of
high-dose compared with low-dose n-3 PUFA supplementation on structural outcome
in OA patients, while, unexpectedly, the low-dose n-3 PUFA group showed a higher
decrease in pain outcome108. These results might be explained by the enrichment
of the low-dose supplementation with oleic acid, a n-9 PUFA suggested to have anti-
inflammatory effects®®. Nevertheless, this study demonstrates our gaps in knowledge
and the need for additional research with high-quality methods (like lipidomics) in
higher numbers OA patients.

The major mediators of PUFA effects in the bodyare oxylipins, which area family of PUFA
oxidation products formed via one or more mono- or dioxygen-dependent reactions'®.
Oxylipins in animals, referred to as eicosanoids (Greek icosa; twenty) because of their
formation from 20-carbon essential fatty acids, can be enzymatically metabolized into
secondary products which can be potently bioactive. Eicosanoids have a large range
of biological functions, including promoting and enhancing inflammatory responses,
regulating pregnancy and child-birth, controlling blood pressure and the secretion
of stomach mucus and acid, contracting or relaxing smooth muscle™. Due to their
immune modulatory capacityi, eicosanoids have been proposed to mediate the link
between metabolism and immunity in obesity-associated complications". Eicosanoids
are generated by three separate enzyme families, lipoxygenase (LOX), cyclooxygenase
(COX) and cytochrome P450 (CYP450), which expression is highly tissue-localised and
varies with inflammatory activation state™. Non-steroidal anti-inflammatory drugs
(NSAIDs), one of the drug classes currently used to alleviate symptoms in OA, work by
inhibiting the activity of COX enzymes"+. The COX-2 enzyme is significantly elevated
in both the synovial fluid and the synovium from affected joints of OA patients
compared to healthy controls and even RA patients™. An important COX metabolite
is arachidonic acid (AA), which has been shown to accumulate in OA joints®¢. COX
enzymes metabolize AA to form prostaglandin precursor prostaglandin H2 (PGH2)
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and inhibition of this process by NSAIDs leads to decreased pain and inflammation
in OA patients. PGHz2 is metabolized by prostaglandin E synthase into inflammatory
mediator prostaglandin E2 (PGE2). PGE2 results in decreased proteoglycan content
in cartilage explants""® and is likely to contribute to OA pathology by promoting
inflammation, apoptosis, bone resorption, and angiogenesis™". In plasma, systemic
AA levels were positively associated with synovitis severity in knees from patients
with or at risk of OA=. Likewise, systemic levels of the COX metabolite PGE2 and
15-LOX metabolite 15-HETE were found to be increased in OA patients compared to
healthy controlsi21. Inhibition of the LOX pathway, which is a primary source of pro-
inflammatory leukotrienes, has shown to be beneficial for OA patients as well>.
However, despite clear involvement of lipid signalling in the pathogenesis of OA,
lipid mediators have scarcely been studied in OA. Increased proinflammatory as well
as proresolving lipid mediators have been reported in OA joints and their relative
contribution to OA pathogenesis is as yet unclear. In addition, reported studies
show significant differences in subjects (e.g. between patient cohorts, various animal
models, early vs. late OA) and methodological approach (e.g. lipid subtypes, lipidomic
technique, statistical methodology and sampling sites). In line with this, our group
demonstrated in a rat diet-induced OA model that local eicosanoid signatures in the
synovial fluid differ significantly from systemic eicosanoid signatures in the plasma®-.
Such differential roles add to the complexity of lipid involvement in OA and these
seemingly paradoxical results have contributed to the debate as to the existence of
metabolic OA™. There is a great diversity in the methods and approaches which adds
an extra complexity level to the interpretation of the results observed in OA (but also
other inflammatory disease) studies. Greater coherence between studies together with
omics techniques, such as lipidomics in combination with bioinformatics, will help
in identifying the underlying metabolic changes in OA and defining the metabolic
phenotype of OA.

Given the changes in metabolism observed in OA, the particularly important role of lipid
changes in driving the most significant comorbidities, and their pleiotropic biological
actions, free fatty acids and cholesterol are indicated as promising candidates for future
therapeutic interventions in metabolic OA™°. Although the experimental evidence
both in preclinical models and humans is still scarce, studies aimed at understanding
the involvement of obesity in OA pathogenesis focus more and more on lipids=¢. For
now, it is clear that nutritional status is an essential factor involved in the modulation
of the immune response and may therefore be determinant in the development and
application of (personalised) therapeutic strategies for metabolic OA.
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Metabolic osteoarthritis and immunity

The classification of OA as a non-inflammatory arthritis is an unfortunate consequence
of early observations noting fewer leukocytes in OA synovial fluid compared with that
of rheumatoid arthritis, reactive arthritis, and even septic arthritis”. Although synovial
inflammation was already reported in so-called ‘post-traumatic’ synovitis decades
ago™® and technological advances in molecular biology in the 1990s revealed cytokine
and prostaglandin involvement in cartilage degradation, synovitis only became
accepted as a critical feature of OA in the early 21 century®. The involvement of an
inflammatory component is now well recognized and, interestingly, the source and
type of inflammatory mediators may differ by OA phenotype>.

Local inflammation: noncellular immune responses

It is as yet unclear whether local inflammation can be the driver of OA, but its presence
is associated with more severe pain, increased joint dysfunction, and even accelerated
cartilage degeneration in certain patient populations. In view of the entire synovial
joint as an organ®°, abnormal biomechanical stress induced by changes in periarticular
musculature and (peri)articular tendons and ligaments, exacerbated by the loss of
other joint homeostatic functions (e.g. lubricant production)131, can contribute to
local inflammation. Several studies have indicated that local inflammation can be
driven by cartilage matrix molecules or degradation products through the activation of
innate immune responses"3% An illustrative example is aggrecan, a major component
of the cartilage extracellular matrix, which is cleaved at a specific aggrecanase site by
several members of ADAMTS family of metalloproteases. ADAMTS5 was found to be
the primary aggrecanase responsible for aggrecan degradation in a murine model of
post-traumatic OA, as deletion of active ADAMTSs5 abrogated the course of cartilage
degradation compared with wild-type controls™. Other danger-associated molecular
patterns (DAMPs), such as degradation products like fibronectiniz4 and tenascin-C
fragmentsi13s, low-molecular-weight HAB®, multiple alarmins (e.g. HMGB1137, S100A8
and S100A93®), free fatty acids°739%° and others, are increased in concentration in
OA joints as well. In conjunction with abnormal mechanical and oxidative stresses,
DAMPs induce numerous inflammatory mediators, including cytokines (such as TNF,
IL-1B, IL-6), and chemokines (IL-8)3'. These inflammatory mediators in turn induce
the synthesis of other inflammatory mediators, pro-matrix metalloproteinases (pro-
MMPs) and other proteinases by chondrocytesi4i, increase the synthesis of PGE2
(by stimulating COX2)“, microsomal PGE synthase-1 (mPGES-1)3, and soluble
phospholipase A2 (sPLA2)*4, and upregulate the production of free radical nitric oxide
via inducible nitric oxide synthase (iNOS)3°32, These processes subsequently add to
OA progression by altering chondrocyte differentiation, function and viability and by
promoting synovitis3".
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The complement system, a noncellular part of the innate immune system that
functions as a first-line host defence against pathogenic microbes, can be activated
in OA joints by DAMPs, synovial fluid crystals, and also by apoptotic cells and the
resulting cell debris®. Complement activation appears critical in OA pathogenesis,
especially in early OA“°, through the formation of membrane attack complex (MAC)
on chondrocytes and induction of the expression of proinflammatory and degradative
molecules in chondrocytes4*#¥, Moreover, complement also appears to contribute to
obesity-associated metabolic disturbances and adipose tissue inflammation, possibly
provoking insulin resistance*’°. By applying injury-induced OA in mice genetically
deficient for complement components Cs, C6, or CD59a (an inhibitor of MAC), it was
elegantly shown that generation of Csa and of the MAC (Csb-9) is implicated in OA
progression4°. Increased levels of C3a and C5b-9 in synovial fluid, presence of MAC
in cartilage and synovium, and a markedly higher expression of complement effectors
together with a lower expression of complement inhibitors in the synovial membranes
from OA compared to healthy individuals corroborated these preclinical results'.

Local inflammation: cellular immune responses

Cytokines have long been known to be involved in cartilage destruction and synovitis,
causing inflammatory reactions and pain’"=*. Interleukin-1f (IL-18), IL-6 and tumor
necrosis factor alpha (TNF-«) represent the main pro-inflammatory and catabolic
cytokines, although others, like IL-15, IL-17, IL-18, IL-21 and chemokines like IL-
8, CCL-2, CCL7, and CCLS, have also been implicated in OA®"53. Local sources of
such inflammatory mediators are the synovium and intra-articular adipose tissues
like the infrapatellar fat pad (IFP or IPFP; also known as Hoffa’s fat pad), which are
innervated and well-vascularized joint tissues. Especially the IFP has gained much
interest in the past few years, evolving in general perception from an inert fat storage
depot and shock absorber to an active endocrine organ that is able to exert metabolic
effects on the joint tissues®. The IFP has the typical histological structure of adipose
tissue where adipocytes make up most of the cell population, next to fibroblasts, which
produce the extracellular matrix, and immune cells such as macrophages, mast cells,
and lymphocytes. In OA patients the IFP has been shown to represent a source of
inflammatory molecules and to be more inflamed and vascularized compared to non-
OA controls*5>54155, Paradoxically, despite its heightened inflammatory state in OA
pathogenesis, removal of the IFP has been reported to cause adverse effects on cartilage
metabolism and to provoke patellar tendon shortening®’s’. However, as for obvious
ethical reasons these reports are based on IFP tissues from cadaveric studies or from
end-stage OA patients who undergo total joint replacement, it is as yet unknown if
these findings are general IFP characteristics or whether the I[FP may fulfill different
metabolic functions during different OA phases®s®.
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The OA synovial membrane is characterized by increased hyperplasia, fibrosis,
vascularization, and immune cells infiltration as well as inflammatory molecules
and neuropeptides production™. Synovitis correlates with OA symptoms and is
characterized by increased pain sensitivity?*'*°. Infiltration of immune cells like
monocytes and macrophages in the synovial tissue and the increase of cytokines
and chemokines in the synovial tissue and synovial fluid are at the basis of synovitis
development’®®2, Infiltration of immune cells in the OA synovium primarily reflects
migration rather than local proliferation and therefore is dependent on soluble
mediators, especially chemokiness. Alternatively, complement activation can also
recruit immune cells and is described to play an important role in early inflammatory
processes in both adipose and synovial tissue during OA“643. Correspondingly,
elevated levels of C-reactive protein (CRP) have been correlated with local synovial
inflammation in patients with OA*4 The acute phase protein CRP activates
complement via Ci1qi65, which has been implicated in bone remodelling and OA
pathogenesis®%. In addition, CRP acts as a direct chemoattractant to monocytes and
can regulate innate and adaptive responses by stimulating endothelial cells to express
monocyte chemoattractant protein-1 (MCP-1), promoting monocyte chemotactic
activity and recruiting circulating leukocytes to areas of inflammation’®. Both IL-6
and IL-1f, key pro-inflammatory cytokines in OA pathogenesis, are known to promote
production of CRP: with IL-6 being the essential inducer of CRP gene expression and
IL-1B enhancing the effect”7. Together with TNFe, IL-6 and IL-1B directly facilitate
persistent joint inflammation and joint cartilage destruction in OA by initiating low-
grade inflammation and degradation of extracellular matrix components by inducing
various pro-MMPs and cytokines through activated synovial macrophages, synovial
fibroblasts, or the chondrocytes themselves' 72173,

Asthevarious catabolic processes affect and reinforce oneanother, cartilage degradation
and inflammation become intertwined and disentangling becomes difficult if not
impossible. In this respect, a new emerging concept reconsiders the link between the
IFP and the synovium as being constitutive elements of a single anatomofunctional unit
and not two separate tissues’>7+75, It was recently suggested that inflammation in this
anatomofunctional unit may drive peripheral and central pain sensitization in knee
OA, proposing early targeting of inflammation as a strategy to prevent the sensitization
and thereby reduce pain severity in knee OA™.

Systemic inflammation

Given the local role of inflammatory mediators in knee OA and the trafficking of
immune cells through OA synovium and back into the circulation, it is reasonable to
think that local inflammation may be reflected in the blood of OA patients by one or
more systemic inflammatory markers. Especially for the metabolic OA phenotype™,
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with obesity and metabolic disorders known to be related to systemic low-grade
inflammation. Whether local inflammation may indeed be reflected systemically is still
under debate, asresearchers have reported evidence supporting2°*%+77and opposing'7®'7°
this concept. Others refined that low-grade systemic inflammation may play a greater
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role in symptomsi8o and quality of life’® rather than radiographic changes in OA.
Phenotyping of peripheral blood leukocytes (PBLs) from knee OA patients and healthy
controls showed that cytotoxic and memory CD8+ T cell population frequencies were
increased®. Age-related declines in T-lymphocytes seen in healthy controls in this
study were not observed in knee osteoarthritis patients, suggesting alteration by the
disease process®. One group showed reduced OA severity in both CD4- and CD8-
deficient C57BL/6] mice in a surgically induced model®+*5. Another study found
increased PBL inflammatory activity and elevated systemic levels of lipid mediators
15-HETE and PGE2 to be associated with symptomatic knee OA™'. These results are
interesting but need to be replicated, particularly in ‘preradiographic’ disease wherein
identifying active inflammation as the cause of joint pain may be difficult’®.

The exact role of inflammation in OA pathogenesis thus remains challenging to
define, not least because basal inflammatory processes in OA are generally low-grade
and molecular with many usual suspects implicated. Other mechanisms, not directly
related to local inflammation, also need to be considered. Genetic and epigenetic
modifications in OA pathogenesis for example, which include DNA methylation,
histone modification, and non-coding RNAs™®¢. Another variable that could influence
the systemic inflammatory state is dietary intake, with a more proinflammatory
diet associated with higher prevalence of radiographic symptomatic knee OA'.
Correspondingly, another cohort study demonstrated that systemic levels of n-3 and
n-6 fatty acids, which are influenced by diet, may be related to selected structural
findings in knees with or at risk of OA™°.

How much of the influence on OA pathogenesis is local, and how much is systemic,
remains to be further investigated. Both local and systemic inflammation are probably
involved and noncellular as well as cellular immune responses go hand in hand and
even reinforce each other. Nevertheless, biomarkers for early diagnosis of OA that can
be detected via minimally invasive techniques (e.g. in urine or peripheral blood) are
still the holy grail of OA research. There is also the general hope to find biomarkers
that can identify more rapid progressors and classify patients into subgroups based
on the expected treatment response, in order to provide more targeted treatment.
Inflammatory mediators can conceivably meet these characteristics and systemic levels
for IL-6, adiponectin, LP-PLA2, and TNF-RII have been proposed as possible markers
for some OA phenotypes7®. However, it is probable that the efficacy of these biomarkers
will depend on disease stage and clinical phenotypes, as synovitis is most frequently
observed in symptomatic OA with moderate to severe radiographic OA3.
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Specific targeting of inflammatory pathways, and perhaps subtyping patients based
on inflammatory profiles, may expand treatment options for OA®™. Clearly, the
number and diversity of inflammatory mediators in OA joints, the complex roles of
some of these molecules in tissue damage and repair, and the physiological roles of
some mediators in host defence makes targeting them individually for OA therapy a
daunting task™. Perhaps for this reason, there is a paucity of randomized, placebo-
controlled trials investigating the efficacy of anti-cytokine therapies®. Tissue
engineering and cell therapy aside, most of the currently ongoing clinical trials employ
immunotherapy or gene therapy as anti-inflammatory treatment for OA of the knee or
hands. A recently completed clinical trial evaluated the efficacy and safety of otilimab,
a fully human monoclonal antibody against GM-CSF, in patients with inflammatory
hand OA(NCT02683785)®8. This treatment was well tolerated and resulted in pain
reduction and function improvement although the results were not statistically
significant®. Other biologicals like adalimumab, a fully human anti-TNF-a monoclonal
antibody (NCTo247118), tocilizumab, an anti-IL-6 receptor monoclonal antibody
(NCTo2477059), and MEDI7352, a bispecific monoclonal antibody able to bind nerve
growth factor (NGF) and TNF-a (NCTo2508155), are assessed in randomized, double-
blind, placebo-controlled studies in patients with painful OA of the knee or hand.
Novel approaches consist of gene therapy strategies for IL-1IRa (NCTo02790723) and
IL-10 (NCT0347748), which could lead to sustained levels of these anti-inflammatory
mediators in the affected joint’®. An anti-TNF-a gene therapy, using an adenoviral
vector encoding TNF-« receptor type 2 fused to the immunoglobulin IgG1 Fc domain
(rAAV2-TNFR:Fc), was halted due to safety concerns'®s°,

Future treatment would ideally combine treatment of pain, tissue damage, and
inflammation. Although the therapies from current clinical trials showed promise
in preclinical research, their true efficacy in patients still needs to be determined.
Therefore, current treatment options in OA remain limited and focused around pain
and symptom management. Based on the complexity of the disease and the pathways
involved, it is also very likely that OA diagnosis and prognosis will continue to be based
on a combined panel of biomarkers and/or imaging markers in the foreseeable future.

Thesis aim

The present thesis aims to investigate how metabolic overload contributes to the
pathophysiology of knee OA. As described in the previous sections, it has become
increasingly recognized that aberrations in metabolism and immunity contribute
critically to OA pathogenesis. We explored the role of these independent yet intertwined
processes using novel lipidomic and cellular imaging approaches in mouse models of
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diet-induced OA. The comprehensive analysis of multiple metabolic and inflammatory
mediators, both systemically and locally, furthers our understanding of these factors in
obesity-related OA pathogenesis. This knowledge is a prerequisite to identify possible
novel biomarkers for the early detection and prediction of the course of the disease.
In the future, this knowledge may guide the selection of targets for disease-modifying
therapies.

Thesis outline

First, the diet-induced OA model was evaluated for its robustness and repeatability
by comparing OA features observed in twelve preclinical studies (Chapter 2).
These studies were performed in wild-type C57BL/6] mice and genetically modified
mice (hCRP, LDLr-/-.Leiden and ApoE*3Leiden.CETP mice) based on Cs57BL/6]
background, which received various high-caloric dietary regimens at variable duration.
By comparing the various study designs, we explored the most optimal conditions to
induce obesity-related OA. We then sought to evaluate whether and how nutritional
fat could aggravate OA progression. Hence, low- and high-fat feeding regimens were
combined with a microsurgical destabilization of the medial meniscus in C57BL/6]
mice to assure OA development (Chapter 3). This post-traumatic OA (PTOA) model is
low invasive and sufficiently sensitive to study subtle changes in disease progression by
mild triggers like genetic background and diet.

To unravel the effects of a dysregulated lipid metabolism on the inflammatory state,
we studied the development of metabolic inflammation both locally and systemically.
In Chapter 4 we focussed on the inflammatory status of the infrapatellar fat pad (IFP)
during OA progression, as evidence is emerging that the [FP can be a potential local
source of inflammatory mediators in the knee. Next, we addressed the involvement
of the innate immune system in the development of diet-induced OA. For this we
provided male mice from a human C-reactive protein (hCRP) knock-in strain with
a high-fat diet for 38 weeks (Chapter 5). Lastly, to investigate the contribution of
altered lipoprotein handling on diet-induced cartilage degradation, we assessed the
contribution of elevated plasma cholesterol levels to the severity of diet-induced OA
(Chapter 6). Cholesterol is involved in lipid metabolism as well as inflammation and
is described to attenuate OA progression. Novel high-intensive cholesterol-lowering
strategies were evaluated for their efficacy in halting or reducing aggravation of pre-
existent, diet-induced OA. The results obtained in these studies are discussed and
placed into the context of the current state of the field in Chapter 7.
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Abstract

Background. Human cohort studies have demonstrated a role for systemic metabolic
dysfunction in osteoarthritis (OA) pathogenesis in obese patients. To explore the
mechanisms underlying this metabolic phenotype of OA, we examined cartilage
degradation in the knees of mice from different genetic backgrounds in which a
metabolic phenotype was established by various dietary approaches.

Methods. Wild-type C57BL/6] mice and genetically modified mice (hCRP, LDLr"".
Leiden and ApoE*3Leiden. CETP mice) based on C57BL/6] background were used
to investigate the contribution of inflammation and altered lipoprotein handling on
diet-induced cartilage degradation. High-caloric diets of different macronutrient
composition (i.e. high-carbohydrate or high-fat) were given in regimens of varying
duration to induce a metabolic phenotype with aggravated cartilage degradation
relative to controls.

Results. Metabolic phenotypes were confirmed in all studies as mice developed
obesity, hypercholesteremia, glucose intolerance and/or insulin resistance. Aggravated
cartilage degradation was only observed in two out of the twelve experimental setups,
specifically in long-term studies in male hCRP and female ApoE*3Leiden. CETP
mice. C57BL/6] and LDLr”".Leiden mice did not develop HFD-induced OA under the
conditions studied. Osteophyte formation and synovitis scores showed variable results
between studies, but also between strains and gender.

Conclusions. Long-term feeding of high-caloric diets consistently induced a metabolic
phenotype in various C57BL/6J(-based) mouse strains. In contrast, the induction of
articular cartilage degradation proved variable, which suggests that an additional
trigger might be necessary to accelerate diet-induced OA progression. Gender and
genetic modifications that result in a humanized pro-inflammatory state (human
CRP) or lipoprotein metabolism (human-E3L.CETP) were identified as important
contributing factors.



Variability in diet-induced knee OA

Introduction

Osteoarthritis (OA) is a progressive joint disease that is characterised by focal loss of
articular cartilage, which impedes smooth joint movement and causes stiffness and
pain. The most important risk factors for OA are age, gender and obesity. The latter
being of specific interest in developed countries, where prolonged life expectancy and
a progressive sedentary lifestyle in combination with a high caloric diet is predicted to
exponentially increase the number of obese individuals and hence the prevalence of
OA'. The most common subtype of OA in obese individuals is metabolically induced
OA?, here referred to as ‘metabolic OA’

The association between knee OA and obesity has been comprehensively studied in
humans. Weight loss was found to significantly reduce pain and increase mobility
in knee OA patients3 and reduced the risk of onset of the disease4. In obese adults,
weight loss combined with exercise appears to be the most promising treatment and
is therefore recommended by several international guidelines on the management of
metabolic OAS5¢. Moreover, overweight was found to be associated with hand OA as
well, indicating a possible underlying systemic factor in disease pathogenesis7. The
involvement of both metabolic and systemic aspects was demonstrated in cohort
studies, where knee OA development did not depend on weight or BMI but was strongly
related to concurrent dysregulation of glucose and lipid metabolism?.

Even though the association between OA and obesity is evident, the underlying
mechanisms have yet to be resolved. Animal models can help fill this knowledge gap.
Combining all observations in humans, a translational animal model for metabolic
OA should display obesity in concurrence with metabolic dysfunction. Various species
have been used to examine metabolic OA, all relying on diet-induced obesity, with the
mouse being the most comprehensively studied. Silberberg et al. laid the foundation of
the current diet-induced metabolic OA mouse model in the 1950s by linking a high-fat
diet with accelerated OA onset and progression®. Literature on metabolic OA models
has been scarce after this promising start™, with the majority of reports dating from the
past decade.

It can be ascertained from literature that there is no consensus on the best species or
the optimal study design for in vivo metabolic OA models. The animal model most
thoroughly examined in the context of metabolic OA is the C57BL/6] mouse strain, or
genetic variants based on this background, as the readily obtained obesity observed
in C57BL/6] mice closely parallels the metabolic adaptations seen in human disease
pathogenesis". Most researchers have employed the very high-fat diet (VHFD), a high-
fat diet with a supraphysiological fat content of 6okcal% energy from fat, to induce
metabolic OA in male mice - occasionally combined with an increased mechanical
burden through surgery or exercise™ 3. In contrast, published experimental designs
vary greatly in study duration and age at start, which are important determinants of the
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capacity for metabolic adaptation and ultimately of the severity of metabolic OA. The
methodology used for determination of OA severity presents another striking difference
between publications. Despite international initiatives for a common scoring system,
many groups employ their own scoring system or use one of many adaptations to the
Mankin scoring system'. Taken together, although in humans the link between obesity
and OA is confirmed and appropriate animal models for both diseases are available,
research on metabolic OA in animal models is still in its infancy.

Here we aim to explore the suitability of the mouse as a preclinical model for metabolic
OA and to define important contributing factors to disease development. To this end,
we examined OA features in the knees of mice that received various high-caloric dietary
regimens at variable duration. All evaluated mouse strains were C57BL/6] or based on
this background, bearing genetic modifications that humanize the strains to increase
translatability to the human situation. High-caloric diets ranged in fat content from
more physiological to supraphysiological, with a focus on the former for translatability
purposes.

Materials and methods
A detailed methods section is available at the end of this Chapter.

Mice and diets

Twelve experiments were performed in which a high-caloric diet was used to induce
overweight and metabolic dysfunction in wild-type C57BL/6] mice and genetically
modified mice (hCRP, LDLr”.Leiden and ApoE*3Leiden.CETP mice) based on
a C57BL/6] background. The high-caloric diets applied in our studies differed in
macronutrient composition (Table 1).
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Table 1. Main composition of the experimental diets without any supplementations.

Type of diet?
Chow LFD WTD MFD HFD VHFD
Supplier Ssniff Research  ABdiets Research  Research  Research
GmbH Diets, Inc Diets, Inc  Diets, Inc  Diets, Inc

Catalogue Vi534 Di2450B  4021.04 Do3101604 Di2451 D12492
number
Used in 1,2, 4, 3,5 12 5 1-8%F 9-11
Study 8,11, 12

Energy source Diet compo-

(kcal%) nents
(g/kg)

Fat 9 10 16 30 45 60
Crude fat 33 - - - - -
Lard - 19.0 - 16.7 206.8 316.6
Cacao butter - - 150.0 - - -
Corn oil - - 10.0 - - -
Soybean oil - 23.7 - 26.5 29.1 32.3
Cholesterol” - 0.05 0.07 0.08 0.20 0.30

Protein 33 20 20 20 20 20
Crude protein 190 - - - - -
Casein - 189.6 200.0 212.2 233.1 258.4
L-Cystine - 2.8 0.5 3.2 3.5 3.9

Carbohydrate 58 70 56 50 35 20
Corn starch 365 208.6 100.0 226.8 84.8 o
Sucrose - 33L7 405.0 264.0 201.4 88.9
Sugar 47 - - - - -
Maltodextrin - 33.2 - 37.1 16.5 161.5
10

Fibre
Crude fibre 49 - - - - -
Cellulose - 474 62.0 53.0 583 64.6

* Study 4: the HFD was supplied via BioServices, which resembles the HFD from Research
Diets, Inc.

T Study 6: D12451 was modified by the supplier for the intervention groups: soybean oil was
changed into corn oil and 43.5 gm% of lard was replaced by either of the oils of interest (to a
total of 15 gm% lard and 9 gm% oil).

A Natural cholesterol content of the basic diet, additional cholesterol supplementation is
specified in Table 2.

a LFD, low-fat diet; WTD, Western-type diet; MFD, mid-fat diet; HFD, high-fat diet; VHFD,
very high-fat diet.
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Evaluated studies
The experiments were designed to examine various diet-induced metabolic disorders
and therefore differed in original research question and design (Table 2).

Table 2. Overview of the evaluated mouse studies ranked by mouse strain and study

duration.
Study Original design Ageat  Weeks Mice/ Dietintervention groups? Gender®
start onstudy group
(weeks) diet
C57BL/6)
0 12 chow
6 12 chow
Early detection 12 HFD
of type II
! diabetesand its b 12 chow M
complications 12 HFD
5 12 chow
4 12 HFD
The role of
259 adipose tissue o 5 10 chow M
inflammation 4 15 HFD
in NAFLD
37 Aging 12 52 10-15 hFFl])D M
hCRP
10 chow M
6t Metabolic 10 HFD
4 syndrome 10-14 38
10 chow F
10 HFD
LDLr".Leiden
Diabetic 10 LFD
5 8 20 10 MFD M
nephropathy o HFD
15 HFD
15 HFD + refined soybean oil
6 Type 11 diabetes 12 20 15 HFD + unrefined soybean oil M
15 HFD + refined palm oil
15 HFD + unrefined palm oil
10 HFD
) ) 20 10 HFD + fructose
. Diabetic . 10 HFD + 0,2% cholesterol M
nephropathy 10 HFD + 1,0% cholesterol 20w
31 10 HFD + 1,0% cholesterol 31w
Metabolic 6 chow
8 syndrome 13715 30 15 HFD M
ApoE*3Leiden.CETP
9 xitcﬁkgﬁ;g 10-16 26" 10 VHED + fructose M
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Insulin
10 resistance and 10-12 32t 8 VHFD + fructose M
dyslipidemia
12 chow
. 12 VHFD
1 Osteoarthritis 15 32 . VHED + chow M
12 VHEFD low-MetS
12 Chow group
12 WTD + 0,4% cholesterol M
Atherosclerosis 17 WTD + 1,0% cholesterol
1254 d OA 8-12 38
an 12 Chow group
12 WTD + 0,1% cholesterol F
17 WTD + 0,3% cholesterol

* Study 9: during the final 16 weeks 10% fructose was added to the drinking water.

T Study 10: during the final 24 weeks 10% fructose was added to the drinking water.

T Previously published OA data.

a LFD, low-fat diet (10kcal% energy from fat); WTD, Western-type diet (16kcal% energy from
fat); MFD, mid-fat diet (30kcal% energy from fat); HFD, high-fat diet (45kcal% energy from
fat); VHFD, very high-fat diet (6okcal% energy from fat); low-MetS, mice showing inexplicably
low metabolic adaptation to the VHFD; b M, male and F, female.

Analysis of metabolic dysfunction and osteoarthritis

Metabolic dysfunction is defined as a significant increase in either body weight and
fasted plasma cholesterol, glucose and/or insulin levels compared with normal values
as observed in chow- or low fat diet (LFD, 10kcal% energy from fat)-fed controls.
Articular cartilage degradation, osteophyte formation and synovitis were scored
on coronal 5 um knee joint sections, stained with Haematoxylin, Fast Green and
Safranin-O, according to OARSI histopathology initiative recommendations for the
mouse®.

Statistical analysis

Statistical analysis was performed using IBM SPSS software (v23.0, IBM SPSS Inc.,
Chicago, IL, USA) or GraphPad Prism (v7.01, GraphPad, San Diego, USA). Data analysis
revealed that the assumptions of normality and homoscedasticity could not be satisfied
in any of our studies. Therefore, depending on study design, non-parametric Mann-
Whitney U-test for comparison of 2 groups or Kruskal-Wallis test for >2 groups was
used for both the metabolic parameters and histopathological scores. A probability
value <o0.05 was considered statistically significant. Data are presented as median with
interquartile ranges (IQR). For the OA scores, mean + standard deviations (SD) are
reported as well.
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Results

Variability in diet-induced osteoarthritis severity

Ten out of the twelve diet-induced metabolic dysfunction approaches did not result
in an aggravated development of OA compared with matched controls (Table 3;
representative images in Figure 1). The higher OA severity scores in these studies
are accompanied by relatively large standard deviations, indicating large biological
variation among mice (see also Figure S1). Severity scores demonstrated clear mouse-
strain-dependent effects: in our hands, C57BL/6] mice on a high-fat diet (HFD,
45kcal% energy from fat) regimen up to 52 weeks did not develop aggravated cartilage
degradation (Figure 1A). Severity scores did increase over time, but were comparable to
chow and LFD controls at each time point.

The human C-reactive protein (hCRP) knock-in mouse strain (Study 4) had previously
shown diet-induced aggravation of OA*. Mice of both genders received either chow or
HFD for 38 weeks. At endpoint, HFD-fed male hCRP mice had developed significantly
more OA compared with chow controls (Figure 1B). In female hCRP mice HFD feeding
had no effect on OA severity, which was comparable to males on chow.

LDLr-/-.Leiden mice predominantly received lard-based synthetic diets, for a period of
20-31 weeks. In studies 6 and 7 the diets were adjusted by replacing dietary lard partly
with specific oils or by supplementing the diet with fructose or cholesterol, respectively.
Although an overall reduction in proteoglycan content was noticeable (Figure 1C), none
of these dietary approaches aggravated OA development compared with chow- or LFD-
fed mice. No diet-induced cartilage degradation was observed in LDLr"".Leiden mice
up to 31 weeks.

Male ApoE*3Leiden.CETP mice displayed high OA severity scores in general,
independent of diet (Figure 1E). Compartmental subscores demonstrated a proportional
distribution across all compartments, showing no preference for the medial or lateral
side (Table S1). Female ApoE*3Leiden.CETP mice demonstrated less joint damage in
the chow control compared with males and an accelerated OA development in the 0.3%
but not 0.1% cholesterol-supplemented group (Study 12, Figure 1D).
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Table 3. Overview of knee OA severity scores from twelve independent mouse studies
with various approaches for diet-induced metabolic dysfunction.

Ageat Weeks Diet )
Study ( “s"teg(ts) on dsit;dy intervention groups® Gender® Total OA severity score
Cs57BL/6] Median [IQR] | Mean + SD
o chow 1.25 [0.75-1.50] 131+ 0.70
chow 2.19 [1.34-2.46] 2.06 £ 1.05
0 HFD 2.00 [1.13-3.29] 218 £ 1.07
1 12 chow M 3.25 [2.42-4.50] | 4.53 + 4.26
= HFD 2.82 [1.97-4.28] | 3.25+1.45
chow 4.94 [3.94-5.72] | 5.51+3.22
= HFD 4.40 [3.60-5.43] | 4.38 £1.29
chow 3.69 [3.29-5.60] | 419 +1.37
> = = HFD M 4.00 [3.50-5.00] | 4.22 115
LFD 4.69 [3.88-6.22] | 4.12 £1.65
> = > HFD M 5.88 [5.00-7.50] | 5.20 £ 1.58
hCRP
chow y 4.83 [3.17-5.17] 4.45 £ 1.33
4 1om14 " HFD 6.33 [4.42-12.25] | 7.81+ 4.54
chow . 3.33 [3.25-4.75] | 3.70 £ 0.86
HFD 3.50 [2.50-4.75] | 3.69 £ 1.20
LDLr".Leiden
LFD 3.50 [3.20-4.25] | 3.55+0.67
5 8 20 MFD M 4.00 [2.90-4.64] | 3.70 £1.36
HFD 3.75 [2.63-5.02] | 3.80 £ 1.49
HFD 3.00 [2.25-4.00] | 3.43 130
HFD + refined soybean oil 3.50 [2.63-4.38] |3.83+0.58
6 12 20 HFD + unrefined soybean oil M 3.75 [2.37-4.75] | 2.78 £1.84
HFD + refined palm oil 3.50 [2.75-4.00] | 3.50 +0.87
HFD + unrefined palm oil 3.25 [2.50-3.75] | 2.88 £+ 0.70
HFD 3.29 [2.67-4.27] | 3.45+0.88
HFD + fructose 3.67 [2.81-4.93] | 4.22+2.39
7 12 * HFD + 0.2% cholesterol M 3.38 [2.77-3.81] 3.90 * 2.05
HFD + 1.0% cholesterol 20w 3.33 [2.42-3.49] | 3.09 £ 0.99
31 HFD + 1.0% cholesterol 31w 4.08 [2.80-4.48] | 4.20 £ 1.71
chow 3.50 [2.59-5.67] | 4.06 £1.47
8 13-15 30 M
HFD 4.75 [4.00-5.83] | 6.7+ 4.31
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ApoE*3Leiden.CETP

10-16

26*

9 VHFD + fructose 5.88 [4.38-7.94] | 7.39 £5.21
10 10-12 32t VHFD + fructose 5.00 [4.00-14.75] | 8.32 +5.23
chow 6.38 [5.00-17.63] | 8.81+ 4.89
VHFD 5.50 [3.63-8.50] | 6.53 £ 2.20
1 15 32
VHFD + chow 5.50 [4.25-8.50] | 7.80 £3.63
VHFD, low-MetS 7.63 [5.00-12.25] | 9.97 = 5.07
Chow group 7.82[5.94-9.81] | 8.26 £ 2.29
WTD + 0.4% cholesterol 6.88 [519-7.63] | 7.37+3.48
WTD + 1.0% cholesterol 7.75 [6.03-8.72] | 8.45 £3.87
1254 8-12 38
Chow group 5.01 [4.69-6.04] | 5.35 = 1.16
WTD + 0.1% cholesterol 6.13 [5.63-6.88] | 5.98 £1.04
WTD + 0.3% cholesterol 6.69 [5.13-7.81] | 6.81+2.25

Total OA severity scores presented here are group medians with interquartile ranges and
group averages with standard deviation of the averaged sum scores for the tibiofemoral knee
compartments (max. 24, OARSI histopathology recommendations for the mouse®). Bold font
indicates statistically significant changed OA severity compared with chow controls. Statistical
significance level was set to p<o.05.
* Study 9: during the final 16 weeks 10% fructose was added to the drinking water.

T Study 10: during the final 24 weeks 10% fructose was added to the drinking water.
I Previously published OA data.

a LFD, low-fat diet (10kcal% energy from fat); WTD, Western-type diet (16kcal% energy from
fat); MFD, mid-fat diet (30kcal% energy from fat); HFD, high-fat diet (45kcal% energy from
fat); VHFD, very high-fat diet (6okcal% energy from fat); low-MetS, mice showing inexplicably

low metabolic adaptation to the VHFD; b M, male and F, female.
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Figure 1. Representative coronal sections of the medial tibiofemoral compartments,
stained with Fast-Green/Safranin-O. Additional information for each image: study number
in upper left corner, duration (weeks) in upper right corner, gender and strain in lower left
corner. Magnification for all microphotographs was 4ox. A) HFD does not induce aggravated
cartilage degeneration at 24 or 52 weeks of feeding in male wild-type C57BL/6] mice. B) Male
hCRP transgenic mice developed aggravated cartilage degeneration when fed a HFD compared
with chow diet for 38 weeks, while female hCRP transgenic mice did not. C) HFD without or with
additional cholesterol did not accelerate cartilage degeneration in male LDLr-/- mice compared
to chow-fed controls. D) Aggravated diet-induced cartilage degeneration was observed in female
ApoE*3Leiden.CETP mice fed a WTD with additional dietary cholesterol for 38 weeks, showing
a cholesterol-dependent increase in severity. E) Male ApoE*3Leiden.CETP mice showed surface
fibrillation and loss of surface lamina, independent of the dietary interventions investigated.
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Presence of metabolic dysfunction

To monitor the development and extent of the diet-induced metabolic dysfunction,
time-dependent effects of all dietary interventions on body weight and fasted plasma
levels of cholesterol, glucose and insulin were regularly measured over the course of
each study (Figures 1 and 2). Obesity was established by all high-fat diet regimens, in
combination with at least one of the following comorbidities: hypercholesterolemia,
glucoseintoleranceorinsulinresistance. ApoE*3Leiden.CETP mice fedaWTD (Study12)
remained lean. Nonetheless, metabolic dysfunction in the form of hypercholesteremia
was clearly observed in these mice, especially in females receiving additional 0.3%
dietary cholesterol.

Cs57BL/6] mice (Study 1-2) rapidly responded to HFD and became obese within 12 weeks
compared with age-matched chow controls. Cholesterol levels gradually increased
up to three-fold compared with chow-fed controls over the course of 12 weeks and
remained at this level until the end of the study. While blood glucose of HFD-fed mice
remained at a constant high level, insulin levels continued to increase, indicative of
insulin resistance. In Study 1, development of insulin resistance and glucose intolerance
in HFD-fed mice was confirmed by insulin and glucose tolerance tests at 24 weeks
(data not shown). Study 3 showed that this insulin sensitivity was attenuated upon
prolonged HFD feeding, as the HFD group initially showed a similar increase in insulin
levels but then recuperation to LFD-fed control levels as of week 4017. Also, HFD-fed
mice steadily increased their body weight during the first 40 weeks, after which body
weight stabilised until the end of the study. Cholesterol levels remained significantly
elevated compared with control during the entire study period.

hCRP transgenic mice (Study 4) reached obesity after 18 weeks on a HFD, with modest to
no changes in glucose and insulin levels up to 10 weeks. At week 36, a glucose tolerance
test showed a delayed clearance of glucose in HFD-mice of both sexes compared with
their chow controls (data not shown), indicative of glucose intolerance. Males exhibited
higher absolute levels of glucose and insulin than females.

In LDLr-/-.Leiden mice (Study 5), the fat percentage in a synthetic diet positively
associated with the observed increase in body weight, plasma glucose and insulin
levels. Cholesterol levels changed significantly on a HFD but not on a mid-fat diet
(MFD, 30kcal% energy from fat) compared with LFD controls, suggesting that a
synthetic diet needs to provide in more than 30kcal% energy from fat to induce
hypercholesterolemia. Modifications to the dietary fatty acid composition (Study 6)
induced metabolic changes over a period of 20 weeks. Refined soybean oil lowered all
metabolic parameters except plasma glucose. Palm oil greatly induced all measured
plasma parameters, with additional increases in insulin levels upon feeding unrefined
palm oil.

Fructose supplementation for 20 weeks (Study 7) slightly reduced body weight
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increase, marginally increased cholesterol levels, but drastically increased insulin levels
compared with controls. Cholesterol supplementation dose-dependently increased
plasma cholesterol levels compared with controls, changing the metabolic state
towards a more hypercholesterolemic phenotype without insulin resistance. In Study
8 HFD-fed male LDLr-/-.Leiden mice continuously gained weight, reaching markedly
higher weights than chow controls. Cholesterol levels increased almost 4-fold over time
compared with controls. Insulin levels varied over time, but were significantly higher
compared with chow control mice as of week 6.

Studies performed in ApoE*3Leiden.CETP mice were of longer duration than
aforementioned studies, the shortest being 26 weeks (Study 9, Table 2). In both Studies
9 and 10, fructose was added to the drinking water on top of a very high-fat diet (VHFD,
60kcal% energy from fat). On this regimen, male ApoE*3Leiden.CETP mice rapidly
gained weight during the first 16 weeks and stabilized from then onwards. Fasted plasma
cholesterol levels were tripled within 12 weeks compared with baseline values. Fructose
treatment provoked a steep insulin increase in Study 9, though this was not as apparent
in Study 10. Insulin and glucose tolerance tests at endpoint confirmed dysregulation of
glucose metabolism in both studies (data not shown).

Male ApoE*3Leiden.CETP mice demonstrated similar increases in weight and
cholesterol levels on a VHFD without fructose supplementation (Study 11). Cholesterol
levels showed a 2.5-fold increase compared with chow controls at endpoint. When
switched from VHFD to chow diet (‘VHFD+chow’), body weight and cholesterol levels
decreased to near chow control levels within 12 weeks. Low-MetS mice - ApoE*3Leiden.
CETP mice with low metabolic adaptations to VHFD - indeed presented low body
weight gain and cholesterol levels on a VHFD, albeit consistently elevated compared
with chow controls.

Cholesterol supplementation continuously increased plasma cholesterol levels in
both ApoE*3Leiden.CETP genders over time without effect on weight gain (Study 12).
Females were more susceptible to dietary cholesterol than their male counterparts,
showing plasma cholesterol increases of 7.5-fold and 4.5-fold compared with chow
controls, respectively. Blood sugar regulation parameters were not available for the
latter two studies.
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Figure 2. Biweekly overview of the changes in body weight and total fasting cholesterol
plasma levels for diet interventions of all studies investigated, ranked by mouse strain.
Colour intensity matches the measured concentration for each parameter, as visualized by the
scale at the bottom of each heat map. Grey indicates no data available. Table Sz bears the actual
values of the group medians with interquartile ranges for selected time points.
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Figure 3. Biweekly overview of the changes in fasting glucose and insulin plasma levels
for diet interventions of all studies investigated, ranked by mouse strain. For the glucose
heatmap, red indicates results that were immediately measured using a hand-held glucose
analyser (blood glucose), while blue represents values measured by enzymatic assay at the end
of the study (plasma glucose). Colour intensity matches the measured concentration for each
parameter, as visualized by the scale at the bottom of each heat map. Grey indicates no data
available. Table S3 bears the actual values of the group medians with interquartile ranges for
selected time points.
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Variability in induction of inflammatory OA features on HFD

To better understand how metabolic dysfunction impacts OA pathology, osteophyte
formation and synovitis were additionally scored. A HFD is known to increase these
inflammatory OA features in mice® ", which can be distinguished before changes in
cartilage structure become visible*. In general, both features showed high variability
in our studies (Figures 4 and 5).

In wild-type C57BL/6] mice, synovitis seemed to increase due to HFD feeding from 12
to 24 weeks in Study 1, as compared with chow controls. Study 2 confirmed a significant
increase in synovitis scores between these two diets at 24 weeks. This difference in
synovial inflammation is not visible after 52 weeks of HFD feeding (Study 3), suggesting
a return to LFD control levels. The presence of osteophytes increased over time in
Cs57BL/6] mice, but HFD feeding only aggravated this process in Study 1.

Male hCRP mice from Study 4, demonstrating significantly increased OA severity, did
not show corresponding significant increases in osteophyte formation and synovitis.
Although the mice with the highest OA scores also showed the highest osteophyte and
synovitis scores, this association was not applicable in general. Female hCRP mice on a
HFD showed a non-significant trend (p=0.087) towards an increase in synovitis score
compared with chow controls, but did not differ from controls in osteophyte formation.
In LDLr-/- mice, additional scoring of osteophyte formation and synovitis provided
a profounder picture of disease pathogenesis. Osteophyte formation increased
significantly on a HFD compared with chow in Studies 5 and 8. Synovitis seemed to
increase as well in these mice, with a significant difference observed between HFD- and
chow-fed mice in Study 5. This difference was less clear in Study 8, where the HFD-fed
mice showed an aberrant, lower synovitis scores compared to HFD-fed mice in Studies
5-7 — despite longer study duration.

Male ApoE*3Leiden.CETP mice, as with OA severity, showed overall high scores for
both osteophyte formation and synovitis, independent of diet. Interestingly, female
ApoE*3Leiden.CETP mice showed a discrepancy in these two features, with high
synovitis scores - to the level of their male counterparts - but almost no osteophyte
formation.
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Figure 4. Overview of synovitis scores for each study group, arranged per study. Total
synovitis scores presented per study in separate scatterplots showing the individual summed
score for the tibiofemoral knee compartments for each animal per study group (max. 12, OARSI
histopathology recommendations for the mouse®). Group medians (indicated by bars) and
interquartile ranges are also shown. * indicates statistical significance relative to control at the
same time point (p<o.05). LFD, low-fat diet (10 kcal% energy from fat); WTD, Western-type
diet (16 kcal% energy from fat); MFD, mid-fat diet (30 kcal% energy from fat); HFD, high-fat
diet (45 kcal% energy from fat); VHFD, very high-fat diet (60 kcal% energy from fat); w, time in
weeks; ref., refined oil; unref., unrefined oil; low-MetS, mice showing inexplicably low metabolic
adaptation to the VHFD.
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Figure 5. Overview of osteophyte scores for each study group, arranged per study. Total
osteophyte scores presented per study in separate scatterplots showing the individual summed
score for the tibiofemoral knee compartments for each animal per study group (max. 12, OARSI
histopathology recommendations for the mouse®). Group medians (indicated by bars) and
interquartile ranges are also shown. * indicates statistical significance relative to control at the
same time point (p<0.05).LFD, low-fat diet (10 kcal% energy from fat); WTD, Western-type diet
(16 kcal% energy from fat); MFD, mid-fat diet (30 kcal% energy from fat); HFD, high-fat diet
(45 kcal% energy from fat); VHFD, very high-fat diet (60 kcal% energy from fat); w, time in
weeks; ref., refined oil; unref., unrefined oil; low-MetS, mice showing inexplicably low metabolic
adaptation to the VHFD.
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Discussion

We report on the variable induction of diet-induced articular cartilage degradation
in twelve mouse experiments originally designed to examine various diet-induced
metabolic disorders. The link between obesity and OA has become evident in human
cohort studies as well as obesity-induced animal models. We postulated that a
translational animal model for metabolic OA should display obesity in concurrence
with hallmarks of metabolic dysfunction. All our studies confirmed the manifestation
of a metabolic phenotype, leaving the absence of accelerated cartilage degradation
unexplained. Osteophyte formation and synovitis showed variable results as well, both
between HFD-fed mice and controls as between HFD-fed groups within each strain.
Rather, our results suggest that an additional trigger - on top of a high-caloric dietary
stressor — is necessary to evoke metabolic OA. We found that diet-induced cartilage
degradation developed in two mouse models that express human genes (i.e. hCRP
and ApoE*3Leiden.CETP mice), suggesting that the corresponding gene products
contribute to disease development. These results challenge the general consensus that
HFD feeding per se is sufficient to evoke OA development.

To improve the translatability of our results, we made use of relevant humanized mouse
strains*** and high-caloric diets with more physiological fat content. We acknowledge
that our options to explore all contributing factors and perform further mechanistic
research was limited due to the broad variation in experimental design and the fact
that most of our studies were not preconceived to assess OA development. Also, the
OARSI 2010 scoring system we employed, specifically designed for the comparison of
OA severity across the various murine OA models, focuses primarily on the condition
of articular cartilage. Being a milder form of OA, diet-induced OA has been evaluated
using alternative scoring systems that are more sensitive at discriminating the depth
and breadth of mild to moderate OA pathology. To compensate for the cartilage-
centered approach, osteophyte formation and synovitis were scored as additional OA
features to examine the impact of metabolic dysfunction on different aspects of OA
pathology. There may be many explanations for the discrepancy between our results
and current literature® on diet-induced OA in small animal models, like differences
between experiments and laboratories as reviewed in detail by van der Kraan*. The
type of scoring system applied can also affect interpretation. Nevertheless, we have
encountered several other research groups for which diet-induced metabolic overload
in mice did not result in OA development either. Hence, it is certainly possible that OA
literature has a publication bias concerning this model; a known issue in the OA field*
and research in general®.

The large number of studies — with substantial group sizes — and the consistently applied
methodology in our studies enabled us to deduce major confounding factors like strain

55




Chapter 2

and gender. Firstly, the C57BL/6] background is a relevant factor shared across all
studies. Secondly, most of our studies were conducted in male mice, mainly because
males are more prone to develop metabolic dysfunction than females. Thirdly, while
duration varied, dietary exposure exceeded 12 weeks in all experiments — a commonly
described end point for diet-induced OA in C57BL/6] mice@*729. However, diet-induced
OA studies typically employ VHFDs that contain supraphysiological quantities of fat
(i.e. 60kcal% energy from fat). In contrast, we chose to predominantly use high-fat diets
in our studies with 45kcal% energy from fat, which better approximate the fat content
observed in certain human diets**. Moreover, in a comprehensive review on high-fat
diets, Buettner et al>' considered it appropriate to state that semi-purified diets with
a fat content of more than 40% energy based on animal fats and w-6/w-9 fatty acid-
containing plant oils will lead to metabolic dysregulation in rodents. The fat fractions
of the diets in our studies were all based on lard, in one study partially replaced by
soybean or palm oils rich in w-6/w-9 fatty acids. Taken together, we believe that all
studies described here employed vindicated approaches for diet-induced metabolic
dysfunction.

One of the humanized mouse strains used here expresses the human transgene
for C-reactive protein (hCRP). As an acute-phase protein, hCRP is able to exert
proinflammatory effects through complement activation?*. Although hCRP is not
directly linked to a metabolic pathway, the protein was found to have great impact on the
murine metabolic state and cartilage degradation. Obesity development on a HFD was
delayed in transgenic hCRP compared with wild-type C57BL/6] mice, with the average
body weight after 38 weeks of HFD feeding equating to 12 weeks of HFD feeding in
Cs57BL/6]. Induction of insulin resistance was also delayed in hCRP mice. Together with
the absence of diet-induced OA in C57BL/6] and LDLr-/-.Leiden mice, this indicates
that the severity of metabolicdysfunction is nota major determinant of OA development
in the models investigated. Despite the delayed metabolic dysfunction male hCRP
mice showed significant OA aggravation upon HFD feeding, whereas females gained
notably less weight and did not develop diet-induced OA. Accordingly, male hCRP
mice expressed 50-fold higher levels of hCRP than females®. A role for hCRP in OA
pathogenesis is further supported by an earlier finding by our group that two different
types of drugs with anti-inflammatory properties prevented OA development in hCRP
male mice®. These results suggest that the general inflammatory status associates
with the onset and progression of metabolic OA. Interestingly, the inflammatory OA
features osteophyte formation and synovitis were not very pronounced in these mice.
Many cohort studies have investigated the relationship between CRP and OA, but
reports are contradictory and the role of CRP is still under debate3+3”, making further
investigation into this link necessary. A meta-analysis of 32 reported clinical studies
by Jin and colleagues further complicates the role of CRP in OA pathogenesis, as it was
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concluded that low-grade systemic inflammation may play a more prominent role in
symptoms of OA3%,

In line with expectations®, ApoE*3Leiden.CETP mice, a model with humanized
lipoprotein metabolism, rapidly developed obesity and metabolic dysfunction on a
VHED. In general, ApoE*3Leiden.CETP mice were highly prone to cartilage degradation,
independent of the level of diet-induced metabolic dysfunction. Specifically in males,
OA scores were consistently higher than in other strains investigated, even on a chow
diet. The same overall high scores were found for both osteophyte formation and
synovitis, again independent of the level of diet-induced metabolic dysfunction. The
ApoE*3Leiden.CETP mouse expresses three human transgenes when compared with
the wild-type C57BL/6] mouse (i.e. ApoE*3Leiden, CETP and APOC1)*, suggesting
that one or more of these gene products contribute to OA development. For instance,
we and others have reported that the apoCl apolipoprotein may augment the general
inflammatory statet*. ApoE has also been implicated in systemic inflammatory
processes, although it can exert both anti- and proinflammatory actions depending
on the specific isoform#* 4. Alternatively, the higher male susceptibility may also be
explained by higher androgen levels, which exacerbate OA in mice¥. Human studies
also support a role of sex hormones in OA, showing increased OA prevalence and
severity in postmenopausal women compared with premenopausal women and age-
matched men+® 4. Moreover, androgens and ApoE isoforms have been shown to be
functionally intertwined in inflammatory processes* 5, providing a possible rationale
as to why ApoE*3Leiden.CETP males show more cartilage degradation in response to
metabolic challenges compared with females.

Contrary tothe males, female ApoE*3Leiden.CETP transgenic miceshowed less cartilage
degradation on chow but were susceptible to diet-induced OA. The inflammatory OA
features showed deviant results, as ApoE*3Leiden.CETP females developed almost
no osteophytes but demonstrated overall high synovitis scores independent of diet.
These results contradict current literature in which excessive bone formation and
synovitis due to high LDL cholesterol levels is described>'. The gender differences may
partly be explained by the significantly higher diet-induced plasma cholesterol levels
observed in ApoE*3Leiden.CETP females, a discrepancy driven by sex hormones.
Together with the unfavourable LDL/HDL ratio in these mice, this observation is in
agreement with higher OA incidence in women with elevated waist circumference
and low HDL cholesterol. Moreover, we previously reported suppression of WTD-
induced OA development in ApoE*3Leiden. CETP females upon preventive treatment
with the cholesterol-lowering anti-inflammatory drug atorvastatin (Study 12), while
cholesterol-lowering alone by ezetimibe did not show this effect>+. Again, this advocates
a role for inflammation in OA development, as previously argued for the hCRP strain.
For OA patients the benefit of statin therapy is unclear at present, as human studies
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investigating the effect of statins on OA development are scarce and a beneficial effect
is not observed in all studies>. Potential beneficial effects might however be missed
due to underdosing, as we have previously shown that the optimal lipid-lowering statin
dose is much lower than the threshold for the anti-inflammatory effects*®. Accordingly,
in a population-based longitudinal study, Kadam et al. demonstrated that a higher
mean daily statin dose was significantly associated with a decreased likelihood of
clinical OA during a 10-year follow-up.

In conclusion, we have demonstrated that diet-induced metabolic dysfunction per
se does not necessarily lead to aggravated articular cartilage degradation in mice
on a C57BL/6] background. Whereas most of the studies evaluated here were not
designed specifically for OA research, there are reports using diet-induced metabolic
dysregulation as the only trigger to induce OA in small animal models®. In light of
our results and the relatively small amount of publications since the 1950s, it is
likely that the OA literature has a bias and tends to selective reporting on this issue.
Nonetheless, our results support the current concept that metabolic OA is driven by
low-grade inflammation®, although metabolic factors alone might not be enough to
generate progressive OA. We suggest that an additional trigger, other than high-caloric
feeding alone, is necessary to evoke metabolic OA. In addition to mechanical stressors,
as described in literature, we showed that gender and inflammatory factors encoded
by the human transgenes in hCRP and ApoE*3Leiden.CETP mice might also trigger
metabolic OA development.
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Supplemental Material and methods

General study characteristics

Twelve experiments were performed in which a high-caloric diet was used to induce
obesity and metabolic dysfunction in mice. The experiments were designed to study
various aspects of the metabolic syndrome (MetS) and therefore varied in experimental
design. All experiments were approved by the institutional Animal Care and Use
Committee of TNO and were in compliance with European Community specifications
regarding the use of laboratory animals.

Mice

The experiments were carried out in wild-type C57BL/6] mice and genetically modified
mice (hCRP, LDLr/-.Leiden and ApoE*3Leiden.CETP mice) based on Cs7BL/6]
background. Depending on the study male mice or both genders were used (Table 2).
Age at the start of the study varied between studies from 8 to 16 weeks (Table 2). Control
mice were always of same sex and age as the treatment groups. Wild-type C57BL/6]
mice were purchased from Charles River Laboratories (L’Arbresle Cedex, France) and
received a 2-week acclimatization period after transfer to the animal facility. Inbred
human C-reactive protein (hCRP) transgenic mice, low density lipoprotein receptor-
deficient (LDLr~-.Leiden) mice and ApoE*3Leiden.CETP mice were obtained from the
in-house breeding colony (TNO Metabolic Health Research, Leiden, The Netherlands).
Human CRP transgenic mice specifically express hCRP in the liver. Human CRP is an
acute-phase protein, used mainly as a general inflammation marker, and is upregulated
in hCRP transgenic mice upon diet-induced metabolic overload'.

The LDLr”-.Leiden strain is a translational model for obesity-associated diseases>
and shows impaired clearance of lipoproteins due to the lack of LDL receptors, which
results in marked hypercholesterolemia. In addition, Western-type and high-fat diets
cause insulin resistance in LDLr~~ mice.

Heterozygous ApoE*3Leiden.CETP mice were obtained in our animal facility by
crossbreeding heterozygous ApoE*3Leiden mice, characterized by an enzyme-linked
immunosorbent assay (ELISA) for human ApoE, with homozygous human cholesteryl
ester transfer protein (CETP) transgenic mice. By combining an impaired lipoprotein
clearance (ApoE*3Leiden) with a shift in cholesterol distribution from HDL to (V)LDL
particles (CETP) a more translational model for lipoprotein metabolism is obtained* 5.
ApoE*3Leiden.CETP double transgenic mice are prone to develop obesity, insulin
resistance and dyslipidemia on high-fat and high-cholesterol diets and demonstrate
human-like responses to different anti-diabetic and hypolipidemic drugs®.
Animalswere monitored at least once a day and humane endpoints were established and
applied in case of severe pain or suffering. These were behavioral or pathophysiological
endpoints, amongst others: inertia, ruffled haircoat, hunched posture, weight loss of
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20% or more in two consecutive days, severe fighting injuries, apparent pain7y or stress
signs like excessive grooming.

Housing

Studies 4, 10, 11 and 12 were performed in a non-specific pathogen-free (SPF) animal
facility, while Studies 1-3 and 5-9 were executed in an AAALAC-accredited SPF animal
facility (Table 1). The commissioning of the SPF animal facility was effectuated in 2012.
For the relocation to the SPF animal facility, all inbred strains underwent rederivation
by embryo transfer until an SPF microbiological status was reached according to
FELASA2012 guidelines for health monitoring®.

Mice were housed in open polycarbonate cages (Type II in non-SPF and Type II L in
SPF animal facility) with 3-4 animals/cage. The bedding material differed between
the animal facilities, with Lignocel® Sg sawdust used in the non-SPF and Lignocel®
BK8-15 sawdust used in the SPF animal facility. In both facilities mice were maintained
under standard conditions with a 12 h light-dark cycle beginning at 07:00 UTC+1. Mice
received acidified water (pH 2.8, non-SPF animal facility) or autoclaved water (SPF
facility) and food ad libitum. Cages were set up in temperature-controlled (non-SPF:
22 + 2.0°C, SPF: 21 + 0.5°C) and humidity-controlled (non-SPF: 40-70%, SPF: 45 + 2%)
rooms, with 8 (non-SPF) or 15 (SPF) air changes/hour under filtered positive pressure
ventilation. To reduce distress from unexpected noises, radio featuring alternating
music and talk was played continuously.

Microbiological status of both animal facilities was monitored using sentinel mice
and random sampling of the breeding colonies. In every conventional animal room
in which animals were housed, two sentinels of same species and sex were housed for
a minimum of 8 weeks. Quarterly health screens of sentinels as well as random mice
from the breeding stock were conducted by a certified company, according to FELASA
guidelines. Furthermore, periodical surface screens were performed to evaluate cleaning
procedures and detect possible sources of contamination. By default, the health status
of mice purchased from commercial animal breeders was inspected upon entry.

Diets

Body weight and food intake were monitored throughout each study. Experiments
were carried out in male mice or mice of both genders. ApoE*3Leiden.CETP transgenic
mice first received a run-in period of minimally 4 weeks on study diet, after which
mice were randomized into groups for fasted plasma cholesterol (CHOD-PAP 11491458,
Roche Diagnostics, Woerden, the Netherlands), fasted plasma triglycerides (GPO-PAP
11488872, Roche Diagnostics) and body weight. Mice of other strains were matched into
study groups based on body weight. Mice were fed either control or high-caloric diets,
as displayed in Table 1. The applied chow diet was grain based, supplemented with sugar
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beet and soybean meal as additional sources for fiber, protein and fat, respectively. Note
that the fat content of the purified Western-type diet (WTD) is derived from vegetable
sources, while the synthetic diets are predominantly lard-based. Duration and exposure
to study diet varied among studies from o to 38 weeks (Table 2). A few of the studies
had not incorporated a chow or low-fat diet (LFD, 10 kcal% energy from fat) control
group (Table 2, Study 6, 7, 9 and 10). In studies 9 and 10, mice received 10% w/v fructose
in the drinking water on top of the dietary intervention to increase VLDL production.
Mice remained on their respective diets until the completion of the study.

Evaluated studies

The experiments described in this manuscript differ in research question and design
(Table 2). Nevertheless, since MetS-related diseases develop in a similar setting, all
studies share a common approach: high-caloric dietary intervention. Four different
strains of mice were used to model for the various metabolic comorbidities (see
“Mice”). Next to strain, also the duration and type of diet differed between studies. OA
development was assessed at the final endpoint of each study, unless stated otherwise.
Attheendpoint of each study mice were euthanised using gradual-fill COz asphyxiation.
Previously published data were included to provide a context for comparison and are
indicated by a double dagger (1) next to the referencing in the tables (Study 4 and 12).
Study 1 was a time-course study in male C57BL/6] mice designed to study the early
metabolic events leading to high-fat diet (HFD, 45 kcal% energy from fat)-induced type
2 diabetes up to 24 weeks. To correct for the effect of aging, chow-fed control groups
were included. OA severity was monitored at each time point. In Study 2, comparable
to Study 1 in strain, gender, diet and duration, HFD-induced non-alcoholic fatty liver
disease (NAFLD) was examined with the specific aim to investigate the effect of surgical
removal of inflamed adipose tissue on the progression of NAFLDg.

Study 3 was designed to examine the onset and progression of metabolic inflammation
in the liver and adipose tissues during diet-induced obesityio. After a 6-week run-in
period on LFD, male C57BL/6] mice were either continued on the LFD or switched to a
HFD regimen for 52 weeks.

In Study 4 the hCRP mouse strain was employed to study the effects of HFD-induced
metabolic syndrome on inflammation. hCRP transgenic mice of both genders received
either chow supplemented with 1% cholesterol or a HFD for 38 weeks. Significant OA
development in the knees of these mice was the first indication in our hands that
metabolic stress-induced inflammation plays a role in disease pathogenesisi.

Studies 5 and 7 are linked in the effort to develop a translational mouse model for
diabetic nephropathy. Study 5aimed to define the best in vivo model currently available
and Study 7 aimed to aggravate disease development. In Study 5, the effect of dietary
fat content on the induction of diabetic nephropathy was examined in male LDLr-/-.
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Leiden mice over a period of 20 weeks. In Study 7, disease development in male LDLr/~.
Leiden mice was monitored for a longer period (31 weeks) to determine the increase in
disease severity. Furthermore, the HFD was supplemented with fructose or cholesterol
to aggravate the progression of diabetic nephropathy. These aims required no low-fat
diet control group, as the intervention groups were compared to a HFD control group.
In Study 6, the effects of refined and unrefined vegetable oils were studied in the context
of HFD-induced type 2 diabetes in male LDLr~~.Leiden mice, as unrefined oils were
found to greatly reduce cardiovascular risk factors in comparison with their refined
form. As these dietary interventions were compared to the original HFD, this study
included no low-fat diet control group.

Study 8, a time-course study, was designed for the early detection of diet-induced
diabetes type II and its comorbidities, like non-alcoholic steatohepatitis (NASH),
atherosclerosis and diabetic retinopathy. To this end, male LDLr-.Leiden mice were
fed a chow or HFD diet up to 30 weeks.

In Study 9 and 10 male ApoE*3Leiden.CETP mice were given a VHFD for 26 or 32
weeks, supplemented with 10% (w/v) fructose in the drinking water for the final 16 or
24 weeks, respectively. Both studies compared a HFD control group to HFD-fed groups
which received various pharmaceutical interventions. No low-fat diet control group
was included in either study.

Studies 11 and 12 are the only listed experiments that were originally designed to study
OA development, although in Study 12 atherosclerosis was concurrently studied. Study
11 was designed to examine the effects of VHFD-induced changes in lipid metabolism
on OA development. Next to a VHFD-fed group and a chow control a ‘metabolic rescue’
group was included, in which mice were started on a VHFD and switched to chow
after 20 weeks. A fourth group consisted of mice showing inexplicably low metabolic
adaptation to the VHFD (low body weight, low fasted cholesterol and triglycerides
levels), hereafter called ‘low-MetS’ mice. It is known from previous experiments that
these mice do not develop diet-induced atherosclerosis, but the effect thereof was
not yet known for OA development. Study 12 compared metabolic OA progression in
ApoE*3Leiden.CETP mice of either gender over the course of 38 weeksi1. It was the only
evaluated study using a WTD, which is lower in fat but higher in carbohydrate content
compared to a HFD (Table 1). Diet intervention groups received a WTD supplemented
with a sex-specific high or low percentage of cholesterol, while control mice received
chow.

Metabolic parameters

We define metabolic dysfunction here as a significant increase in either body weight
and/or fasting cholesterol, glucose and/or insulin plasma levels compared with normal
values as observed in chow- or LFD-fed controls.
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EDTA plasma samples were collected after a 4-5 hour fasting period by tail vein incision
at various time points throughout each study. Blood glucose was measured either
immediately per time point using a hand-held glucose analyser (FreeStyle Disectronic,
Vianen, The Netherlands) or all time points at once by the hexokinase method using
commercial reagents (No. 2319 and 2942, Instruchemie, Delfzijl, The Netherlands;
No. G6918, Sigma-Aldrich, Zwijndrecht, The Netherlands). Total cholesterol (No.
11491458216, Roche Diagnostics Nederland BV, Woerden, The Netherlands) and total
triglycerides (No-11488872, Roche Diagnostics) were determined with enzymatic assays
directly upon plasma collection according to manufacturer’s instructions. Insulin
levels were determined using an ELISA for mouse insulin (Cat.no. 10-1113-01, Mercodia,
Uppsala, Sweden). Data are shown in heat maps (Figures 1 and 2).

Histology

Specimens used were knee joint sections cut, stained and scored specifically for
this research, combined with archival sections from published (Study 4 and 12) and
unpublished (Study 9) data to add to the general context. Knee joints of the hind limbs
were harvested, fixed in a 10% formalin neutral buffered solution (Sigma-Aldrich,
USA) for a minimal of 24 hours, decalcified in Kristensen’s solution, dehydrated and
embedded in paraffin. Before the decalcification step, knee joints were randomized
and blinded. Serial coronal 5 pm sections were collected throughout the joint and
stained with Weigert’s Hematoxylin, Fast Green and Safranin-O, according to OARSI
recommendations™.

We employed the OA scoring system specifically designed for the mouse as described by
the OARSI histopathology initiative™. Therefore, cartilage degeneration was rescored in
studies 4 and 9 according to the OARSI 2010 recommendations. Two to three sections
(dependent on the quality of the sections) were scored per animal, of which the average
score represents the final score per animal. Specific sections for grading were selected
from the central weight-bearing region of the tibial plateau, which was determined
using the presence of the anterior cruciate ligament, femoral growth rings and anatomy
of the menisci as anatomical landmarks.. All sections from all studies were scored by
the same independent investigators (AEK and FvdH), who were blinded for group
assignment, specifically for the current research. The joint was scored at 6 locations:
femoral condyles and tibial plateaus at the lateral and medial sides, trochlear groove
and the patella (score 0-6 per location). Due to incomplete patellar scores for all mice,
we report the averaged sum of the medial and lateral scores as the total tibiofemoral
cartilage degeneration score (Table 3, maximum total score 24).

The OARSI 2010 scoring system is an universal scoring system to grade OA severity,
focusing primarily on the condition of the articular cartilage. Therefore, as additional
features of OA, osteophyte formation and synovial inflammation were scored separately
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to examine the impact of obesity and metabolic dysfunction on different aspects of OA
pathology. In line with the OARSI 2010 recommendations, osteophyte formation and
synovial inflammation were scored using a 0-3 scoring paradigm where o is normal, 1
= mild, 2 = moderate and 3 = severe changes. These changes were separately evaluated
for the lateral femur, medial femur, lateral tibia and medial tibia by one independent
blinded grader (AEK). Reported total scores represent the summed scores for the
tibiofemoral part of the knee joint (maximum total score 12).

Study 1 Study 2 Study 3 Study 4

*p=0.03

o M

OA score
S
B
B
N

sysety | owe B W x e

0

chow chow HFD chow HFD chow HFD chow HFD LFD HFD chow HFD  chow  HFD
oW ow 12w 24w Males Females
Study 5 Study 6 Study 7 Study 8
24 2 2 2
18 18 18 18
° .
S
9 12 12 L] 12 12
§ "o

e o B 8 Ee s (wEeszw | B U

>
&L & L e S R ) Q'v\& Q'P@ L & & s . & &
R & °ﬂ7\° & &
R $ O 5 Q' o o o
T E E & 88
L &£
&&
Study 9 Study 10 Study 11 Study 12
24 24 24 24 '
A A H
o 1 18 18 A 18 s A i *p=003
o — N ol T
9 12 12 12 N 124 8,5 : A
< A A A A A N
o N S
o == = I : FiTawd
. — ¢ % é& s oo W
a [ Y ' A
VHFD+fructose VHFD+fructose ; 6 X o N é é 41 0'\ §
& € & ¢ S
Q o A S N N
& ¢ o7 N oS e
X \;\(0 S L N
R & &
Males Females

| o C57BL/6J v hCRP O LDLr"™ A ApoE*3Leiden.CETP |

Figure S1. Overview of OA severity scores for each study group, arranged per study. Total
OA severity scores presented per study in separate scatterplots showing the individual summed
score for the tibiofemoral knee compartments for each animal per study group (max. 24, OARSI
histopathology recommendations for the mouse1z). Group medians (indicated by bars) and
interquartile ranges are also shown. * indicates statistical significance relative to control at the
same time point (p<o.05).

LFD, low-fat diet (10 kcal% energy from fat); WTD, Western-type diet (16 kcal% energy from fat);
MFD, mid-fat diet (30 kcal% energy from fat); HFD, high-fat diet (45 kcal% energy from fat);
VHFD, very high-fat diet (60 kcal% energy from fat); w, time in weeks; ref., refined oil; unref.,
unrefined oil; low-MetS, mice showing inexplicably low metabolic adaptation to the VHFD.
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. For presentation purposes, time points were selected with high overlap
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Changes in body weight and total fasting cholesterol plasma levels presented here are
the actual values of the group medians and interquartile ranges, as shown in color code

between studies. Grey indicates no data available.
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For presentation purposes, time points were selected with high overlap between

values of the group medians and interquartile ranges, as shown in color code in Figure 3.
studies. Grey indicates no data available.

Changes in fasting glucose and insulin plasma levels presented here are the actual
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Abstract

Background. In this study we investigated the contribution of high-fat diet-induced
metabolic overload to osteoarthritis (OA) progression originally caused by mild
mechanical trauma to the mouse knee joint. We hypothesized that metabolic stress
would induce a proinflammatory environment by altering systemic lipid levels and
immune cell populations.

Methods. Twelve-week-old male C57BL/6] mice (n=20) were given a low-fat diet
(LFD, 10%kcal from fat) or high-fat diet (HFD, 45%kcal from fat) for 18 weeks. OA was
initiated by transecting the medial meniscotibial ligament of the right knee joint at
t=10 weeks. OA severity and changes in M1/Mz2 polarization of synovial macrophage
populations were determined in serial coronal FFPE-mounted sections. Eicosanoid
levels and monocyte populations were evaluated before and after ligament transection.

Results. Diet-induced metabolic stress assessed by body weight, systemic cholesterol
levels, and insulin resistance index was significantly higher in HFD mice. This
group also showed increased cartilage damage, synovitis, and osteophyte formation
compared with LFD controls. High-fat feeding elevated systemic arachidonic acid
levels, which mainly resulted in increased levels of its cytochrome P450-catalysed diol
metabolites 5,6-dihydroxyeicosatrienoic acid (DHET) and 8,9-DHET. High-fat feeding
also triggered an increase in pro-inflammatory intermediate CD43"*Ly6C™ monocytes
after ligament resection. Ligament resection in addition to high-fat feeding induced
increased expression of the activation marker CDuc selectively on non-classical
CD43*Ly6C"" monocytes. No significant changes in synovial macrophage polarization
were observed.

Conclusions. Metabolic stress resulted in a proinflammatory environment and
aggravated injury-induced OA progression. Our results suggest that a CYP450-
focused eicosanoid metabolism and activated circulating monocytes may be drivers
of this metabolic stress-induced OA progression, contributing to the mechanistic
understanding and potentially serving as future diagnostic and prognostic biomarkers
for metabolic OA.
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Introduction

Obesity is the second most significant risk factor for the development of osteoarthritis
(OA), the most common form of arthritis'. Besides mechanical overload of the joints
due to excess body weight, obesity contributes to OA pathogenesis through metabolic
disbalance?, also termed metabolic stress. Metabolic stress is thought to be a major
contributor in a subtype of OA referred to as metabolic OA3%, an OA phenotype that
is characterized by a systemic low-grade inflammation - although this classification
is still under debate?’. Metabolic OA prevalence is highest in developed countries,
where the incidence of obesity progressively increases due to a sedentary lifestyle, low
levels of physical activity, and high-caloric diet®. The pathogenesis of metabolic OA
has been linked to several features of the metabolic syndrome, such as central obesity,
insulin resistance and dyslipidemia* . Even though the association between OA and
metabolic stress is demonstrated by many studies, the underlying pathophysiologic
mechanisms are still vague.

Animal models of diet-induced OA can help elucidate the mechanisms underlying
metabolic OA. It is suggested that high-fat feeding induces an overall primed state and
the associated metabolic stress undermines the body’s capacity to adequately cope with
insults like knee injury™ . The obesity-prone C57BL6/] mouse is widely used to study
metabolic OA and applied diets are typically high in caloric content, like Western-
type diets or high-fat diets (45-60 kcal% energy from fat)3. Diet-induced OA severity
is typically mild in animal models provided with a high fat diet only and we found
that increased articular cartilage damage compared with low-fat diet (LFD) controls is
not assured. Rather, our results suggested that an additional trigger, over and above a
high-caloric dietary stressor, is necessary to evoke metabolic OA.

In this study we investigated the contribution of metabolic stress to OA progression
induced by mild trauma to the knee joint. We placed C57BL/6] mice on a low-fat diet
(LFD, 10kcal% energy from fat) or high-fat diet (HFD, 45kcal% energy from fat) and
induced OA onset by surgical destabilization of the medial meniscus (DMM). This post-
traumatic OA (PTOA) model is low invasive and sufficiently sensitive to study subtle
changes in disease progression by mild triggers like genetic background and diet’ *°.
As obesity is associated with a systemic low-grade inflammation, we hypothesized that
diet-induced metabolic stress would induce a proinflammatory environment by altering
systemic lipid levels and immune cell populations. We determined systemic eicosanoid
levels, lipid mediators best known for their pivotal role in inflammation[17], and
circulating monocyte populations. Peripheral blood monocytes are precursor cells for
macrophages: an immune cell that plays a role in OA pathogenesis and is known to shift
towards the pro-inflammatory (M1) phenotypeduring adipose-related inflammation®®.
Therefore, we also explored changes in M1/M2 polarization of synovial macrophage
populations in PTOA.
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Material and methods
Please refer to the end of this Chapter for a detailed methods section.

The experiment was approved by the institutional Animal Care and Use Committee
of TNO and was in compliance with ARRIVE guidelines and European Community
specifications regarding the use of laboratory animals. The experiment was carried
out in wild-type male C57BL/6] mice purchased from Charles River Laboratories
(L'Arbresle Cedex, France) that received a 2-week acclimatization period after transfer
to a specific pathogen-free (SPF) animal facility. Twelve-week old male C57BL/6] mice
(n=10 per group) were given a synthetic high-fat diet (HFD, 45% kcal from fat) or low-
fat diet (LFD, 10% kcal from fat) for 18 weeks. Ten weeks after starting the diet, OA
was surgically induced in the right knee joint by transecting the medial meniscotibial
ligament (MMTL) and destabilizing the medial meniscus (DMM). The left knee joint
served as an experimental control and received all surgical procedures except for the
MMTL transection (sham surgery). Mice were euthanized 8 weeks post-surgery using
gradual-fill COz2 asphyxiation.

Metabolic stress was assessed throughout the experiment by monitoring changes in
body weight, body composition, and systemic total cholesterol, glucose and insulin
levels. Serial coronal 5 pm FFPE sections were collected throughout the joint at 60
pm intervals, stained, and evaluated for cartilage degradation, osteophyte formation
and synovitis using the OARSI scoring system specifically designed for the mouse®.
Eicosanoid profiling was performed in fasted plasma samples as described previously*.
Monocyte subpopulations were analysed in heparin-buffered peripheral blood samples
stained with the antibody panel shown in Table 1. Data was obtained using a 3-laser
FACSCanto™ II flow cytometer and analysed with FlowJo vio.2 software.

Table 1. Monoclonal antibody panel used for the analysis of peripheral monocyte
subpopulations.

Marker Fluorochrome Dilution Clone Manufacturer Catalogue number
CDuc Horizon V450 1:100 HL3 BD Biosciences 560521

CD206* AF488 1:200 Co68C2 BioLegend 141710

CDu15 PE 1:400 AFSo8 eBioscience 12-1152-83

CD43 PE/Cy7 1:100 Sy BD Biosciences 562866

Ly6C PerCP 1:50 HK1.4 BioLegend 128028

CDub APC 1:400 Mzi/70 eBioscience 17-0112-83

Abbreviations: AF, Alexa Fluor; PE, phycoerythrin; Cy, cyanine; PerCP, peridinin chlorophyll
protein complex; APC, allophycocyanin.
*Intracellular staining.
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FFPE sections from DMM-operated knee joints were triple-stained with primary
antibodies targeting F4/80 (pan-macrophage), iNOS (Mi) and CD206 (M2).
Quantification was performed in the lateral patellofemoral synovial lining (ROI),
unmixed colour spectra were obtained with a Nuance multispectral imaging system
(40x magnification), and analysed with Image] 1.51n software. Statistical analysis was
performed using IBM SPSS software. In all analyses, a probability value < 0.05 was
considered statistically significant. Unless stated otherwise, data are presented by the
median with interquartile range (range between the 25th to 75th percentiles).

Results

Metabolic stress aggravates PTOA development

Diet-induced metabolic stress was observed in the HFD group, as demonstrated by the
metabolic profile of the HFD animals at the end of the study (Table 2). Metabolic stress
was already present before surgery: body weight, cholesterol levels, and HOMA-IR were
significantly increased in HFD mice compared with LFD controls after 9 weeks (data
not shown). Body composition analysis revealed that the increase in body weight was
completely attributed to an increase in body fat mass.

Articular cartilage damage was assessed by histological examination to evaluate the
effect of HFD on DMM-induced cartilage damage. In the sham-operated contralateral
knee joints hardly any cartilage damage was observed (Figure 1). DMM surgery on the
other hand induced clear OA development in both groups, with diet-induced spatial
differences in cartilage damage (Figure 1). Cartilage damage was significantly aggravated
in HFD mice compared with controls, with median [interquartile range] OA scores of
19.4 [15.1-20.9] in HFD versus 13.8 [8.0-20.0] in LFD mice (p=0.049, Figure 2A). This
difference could mainly be attributed to increased damage in the lateral tibiofemoral
compartments (Figure 2B). HFD mice showed advanced cartilage erosion in both lateral
compartments, extending to 25-50% of the articular surface (8.0 [4.9-10.0]; p=0.01), while
LFD mice showed increased fibrillation, fissures and occasional cartilage loss <25% (3.8
[3.0-8.0]) (Figure 1). The medial knee compartments, typically more affected in the DMM
model, were almost completely devoid of cartilage and reached close to the maximal
score of 12 in both the HFD and LFD groups (Figure 2C). Therefore, even if potential
diet-induced aggravation had occurred, this could not be inferred from the medial side
as these were nearing maximal scores (HFD 11.0 [10.6-11.8]; LFD 10.0 [5.0-12.0]; p = 0.109).
Synovial inflammation was significantly increased and more severe in HFD mice (7
out of 8 mice; 6.5 [5.3-8.5]) compared with LFD mice (4 out of 7 mice; 1.0 [0.0-6.0];
p=0.04, Figure 2D). Sham-operated contralateral knees showed no synovial thickening.
Increased osteophyte formation was observed in the HFD group compared with the
LFD controls (Figure 2E). Sham-operated contralateral knee joints showed hardly any
osteophyte formation.
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Figure 1 HFD feeding aggravates OA progression at the lateral but not the medial side
of the destabilized knee. Representative Safranin-O, Fast Green and Hematoxylin-stained
coronal sections showing detailed pictures of the lateral femur condyle and tibial plateau from
sham and DMM knee joints of the LFD and HFD group. Original magnification x20.
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Figure 2 HFD feeding increased cartilage degeneration, osteophyte formation and
synovial inflammation. A) Summed histopathological scores for the tibiofemoral knee
compartments of the LFD and HFD mice. Cartilage damage was most pronounced at B) the
lateral side of the joint in HFD animals, whereas C) the medial side was severely damaged in
both groups. D) Total synovitis scores showing the individual summed score for the tibiofemoral
knee compartments for each animal per study group. E) Total osteophyte scores showing the
individual summed score for the tibiofemoral knee compartments for each animal per study
group. Scoring was performed according to OARSI histopathology recommendations for the
mouse16. Data are presented as group median (indicated by bars) with interquartile range (error
bars). *Statistical significance was set to p<0.05.

Table 2. Metabolic parameters confirm HFD-induced metabolic stress at the end of
the study.

LFD HFD
Mean:SD |  IQR Mean:SD |  IQR Significance
Body weight (g) 31.34 £1.99 [20.50 —=34.30] 40.06 £6.94  [27.90 - 49.20] p <o.o1
Fat mass (g) 4.52 = 1.91 [2.24 - 7.29] 12.48 + 4.67 [5.70 - 17.62] p<o.01
Lean mass (g) 25.41 £ 1.72 [22.82-27.20] 26.60+2.33  [22.65-30.46] p=0.64
Cholesterol (mM) 2.40 * 0.99 [0.88 -3.93] 3.99 £ 0.84 [2.09 - 4.84] p<o.01
HOMA-IR index 15.78 = 7.77 [7.46 - 30.49] 62.79 + 39.9 [6.71 - 122.49] p = 0.02

Bold font indicates significant difference (p<o.05) between HFD group and LFD controls,
determined by two-tailed Mann-Whitney non-parametric testing. SD, standard deviation;
IQR, interquartile range.
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Systemic changes in eicosanoid levels

Eicosanoids can exert both pro- and anti-inflammatory functions and have been
implicated inthe pathogenesisofavarietyofimmunometabolicdisorders, like obesitys.
Eicosanoids are formed from omega-3 (n-3) or n-6 polyunsaturated fatty acid (PUFA)
precursors via the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450
pathways (CYP450, Figure 3)*. At large, n-6 PUFA-derived eicosanoids exhibit more
pro-inflammatory and n-3 PUFA-derived eicosanoids more anti-inflammatory activity.
Although a useful framework, this simplistic dichotomy does not cover the complexity
of the physiological effects of eicosanoids in vivo>.

Because of plasma volume limitations and the volume demands of the assay, we were
able to reliably detect the levels of 24 eicosanoids. Overall, minor differences were
observed between the diet groups. HFD induced a significant increase in arachidonic
acid (AA) levels, a n-6 PUFA precursor, with 947 [765-1257] in LFD versus 1538 [1230-
1935] in HFD mice (p<o.01) at 14 weeks. To find out how this increase affected total
eicosanoid metabolism, we evaluated the changes in eicosanoid profiles of the
mice before and after DMM surgery. Pathway analysis revealed that the increase in
AA levels mainly translated into increased hydroxylation into the fatty acid diols
5,6-dihydroxyeicosatrienoic acid (DHET) and 8,9-DHET (Figure 3). In addition,
5-HETE and 13-Ox0ODE levels were increased in HFD mice compared with LFD mice.
Similar plasma eicosanoid profiles were observed between g and 14 weeks (data not
shown).
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Figure 3 HFD increased plasma arachidonic acid levels and affected eicosanoid
metabolism. Overview of the changes in murine plasma eicosanoid profiles between o and 9
weeks after LFD or HFD feeding. The following is indicated by the colours: grey, not detected
or quantified; red, increased concentrations in HFD mice; green, decreased concentrations in
HFD mice. Colour intensity reflects the extent to which eicosanoid levels have been elevated or
decreased. CYP450, cytochrome P450; COX, cyclooxygenase; LOX, lipoxygenase.
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Activation of circulating monocyte subpopulations

Monocytes are short-lived mononuclear phagocytes that constitute ~10% of peripheral
leukocytes in humans and ~4% in mice®. Current nomenclature divides murine
monocytes into three subpopulations based on their surface expression of CD43 and
Ly6C receptors®: 1) CD43*Ly6Ch classical monocytes; 2) CD43*Ly6C™ intermediate
monocytes; 3) CD43*Ly6C"" non-classical monocytes. The three subpopulations share
a developmental relationship (from classical via intermediate to non-classical) and are
phenotypically and functionally different.

Monocyte subpopulation percentages showed subtle differences between the LFD and
HFD groups over time (Figure 4A). The most pronounced effect of long-term HFD was
an increase in circulating CD43++Ly6Cint intermediate monocytes at t=17 weeks, at
the expense of the CD43++Ly6Clow non-classical subpopulation. This increase showed
significance within the total CDu5+CDub+SSC-Alow monocyte fraction (p = 0.044,
data not shown), but due to interindividual variability did not reach significance within
the total leukocyte fraction (p = 0.107, Figure 4B).

The increase in intermediate monocytes concurred with a significantly increased
expression of the monocyte activation marker CDuc in HFD mice compared with
LFD controls (0.8 [0.7-1.4] versus 3.0 [1.6-3.9] at 9 weeks and 3.0 [1.9-3.4] versus 6.6
[4.6-7.7] at 17 weeks, respectively; Figure 4C). CDuc contributes to monocyte arrest
on endothelial cells and, as such, is upregulated by activated monocytes during
chemotaxis. Both high-fat diet and knee injury contributed to the increased expression
of CDuic, respectively, as: 1) HFD mice showed significantly more CDuc expression
compared with LFD controls at 9 and 17 weeks (p<o.01) and 2) LFD mice showed
increased CDric expression over time (p=0.03). Backgating (i.e. highlighting the final
gated population within the population of its ancestors) of the CD1uic* cells into the total
CD115*CDub*SSC-A'** monocyte fraction revealed that this integrin was predominantly
upregulated by the CD43*Ly6C"" non-classical monocytes (Figure 4D).
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Figure 4 CDuc-expressing monocytes significantly increased in the HFD group and
correlate with osteophytosis and synovial inflammation. A) Peripheral CD15*CDub*SSC-
A" monocyte subpopulations showed subtle changes in HFD mice compared with LFD mice over
time. B) Increased frequency of CD43**Ly6C™ intermediate monocytes plotted as percentage of
total leukocytes. C) CDuc-expressing monocytes significantly increased in both diet groups over
time, but to a higher degree in the HFD group. D) Backgating of CDuc* cells (black dots) to pre-
set monocyte gate at t=17w revealed an upregulation of CDuc expression by the non-classical
CD43*Ly6C" monocyte subset: I, classical monocytes; II, intermediate monocytes; III, non-
classical monocytes. Stacked bars show mean values and standard deviation for each monocyte
subset. Box-and-whiskers plots display a statistical summary of the mean (+ within box), median
(line within box), interquartile range (box) and the minimum and maximum values (whiskers).
*Statistical significance was set to p<o0.05.
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High-fat feeding induced no macrophage polarization

As activated monocytes may differentiate into macrophages upon tissue entry, the
effects of the HFD on this immune cell type were investigated locally by evaluating the
surface area percentage positivity of M1 (iNOS) and M2 (CD206) macrophage markers
in the synovial lining of DMM-operated right knee joints.

Synovial thickening was increased in knee joints of HFD mice compared with LFD mice
(Figure 5A). The ratio of the surface area percentages between M1 marker iNOS and M2
marker CD206 showed an increase in the HFD mice that did not reach significance
(LFD 0.54 [0.39-1.34] versus HFD 1.28 [0.62-1.66]; p=0.12; Figure 5B). Pan-macrophage
marker F4/80o positivity was predominantly observed in the upper synovial layer and
showed a non-significant increase on HFD (0.94 [0.20-2.78] versus 2.49 [1.61-5.25];
Figure 5C). The subset-specific markers CD206 and iNOS were upregulated in the
HFD group compared with LFD group as well, but none of the markers reached a
significant difference between both groups. This was also observed within the F4/80*
macrophage fraction, where the colocalization surface area percentages of CD206 and
iNOS positivity were similar between diet groups (Figure 5D).

Correlation analyses revealed moderate to high positive associations for the total
F4/80-stained surface area of the synovial lining with lateral OA degeneration and
synovitis scores (Table S2). Both OA scores significantly correlated to the colocalization
of the total area positivity of the three macrophage markers as well. Osteophyte scores
showed no correlation with any of the macrophage stains. Within the F4/80* fraction,
neither subset marker associated with the evaluated OA features.
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Figure5 HFD feeding increased macrophage presence butinduced noshiftin macrophage
subset ratio in the synovium. A) Representative images of the lateral patellofemoral synovial
lining (ROI) from DMM-operated knees triple stained with pan-macrophage marker F4/80
(yellow, arrowheads), M1 subset marker iNOS (blue) and M2 subset marker CD206 (red).
Original magnification x40. B) Ratio between total iNOS and total CD206 percentage positivity
was not significantly different between both groups. C) Percentage marker positivity within the
ROI of LFD and HFD mice. D) Percentage CD206 and/or iNOS positivity within F4/80+ fraction
shows no diet-induced shift in macrophage phenotypes. Data are presented as group median
(indicated by bars) with interquartile range (error bars).

Discussion

In this study, we investigated to what degree metabolic stress aggravated disease
progression in a post-traumatic OA (PTOA) model and which mechanisms could
be involved. Mice on a HFD showed significantly more cartilage damage upon knee
injury compared with those on a LFD. Increased OA severity also manifested itself in
enhanced osteophyte formation and synovial inflammation. Modulation of eicosanoid
metabolism towards the CYP450 pathway and activation of monocyte subpopulations
reflected an aggravated state of systemic immune activation. Locally, HFD-induced
synovial thickening resulted in an increase in macrophage markers that positively
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associated with OA severity, but no clear macrophage polarization was observed.
These results suggest that systemic changes, triggered by HFD-induced metabolic
stress, aggravate injury-induced OA by dysregulating eicosanoid metabolism and by
increasing immune activation.

Aggravation of local injury due to metabolic stress was evident from the observed
spatial differences in OA features. HFD mice showed more generalized cartilage
damage compared to LFD mice, which displayed the medially oriented cartilage
damage known to the DMM model®. The observed diet-induced disease aggravation
confirms results from other PTOA mouse models on a HFD regimen'® * and is in line
with faster disease progression reported for obese OA patients®. The clear increases in
lateral cartilage damage, synovial inflammation, and osteophyte formation compared
with LFD mice qualifies the HFD DMM model as a suitable preclinical mouse model
to identify players and pathways involved in metabolic OA. As both the internal sham
control joints and the LFD animals developed considerably smaller OA features for all
measured parameters, we conclude that HFD feeding on its own has limited potential
to induce OA but clearly creates a proinflammatory environment leading to aggravation
of PTOA progression.

To identify which factors might contribute to a diet-induced proinflammatory
environment, we explored changes in systemic eicosanoid levels. In addition to
regulating a wide range of physiologic processes®, eicosanoids can exert both pro- and
anti-inflammatory functions®®. Of note, synovial fluid eicosanoid profiles were not
reflected systemically in a rat model of HFD-induced OA, which suggests differential
rolesofeicosanoidsinlocal versus peripheral compartments®. Although local eicosanoid
involvement has been reported in OA3*3, their systemic role in OA pathogenesis is less
explored. In our model, HFD sparked a clear increase in systemic arachidonic acid (AA)
levels, a n-6 polyunsaturated fatty acid that can trigger a pro-inflammatory cascade.
Increased AA hydroxylation by the enzyme soluble epoxide hydrolase (sEH) in the
cytochrome P450 pathway generated increased levels of dihydroxyeicosatrienoic acids
(DHETSs). This probably reflects the diet-induced metabolic stress, as obesity has been
shown to induce altered CYP-expression and increased sEH-generated DHET levels in
models of metabolic syndrome3+3¢. Accordingly, metabolic syndrome was ameliorated
by pharmacological inhibition of sEH37 3. A similar dysregulation of CYP-mediated
eicosanoid metabolism has also been observed in patients with cardiovascular disease,
a metabolic condition that shares pathophysiological similarities with OA%, for which
sEH inhibitors (sEHi) have shown promising therapeutic effects*. Recently, increased
synovial fluid levels of sEH-generated n-6 PUFAs were positively associated with knee
OA#, demonstrating a link between eicosanoid metabolism and OA progression as
well. Although initially considered to be inactive EET degradation products, DHETs
have been reported to promote CCL2-mediated monocyte chemotaxis in vivo and
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to restore sEHi-blocked human monocyte migration in vitro#. This is particularly
interesting, as the CCL2/CCRz2 signalling axis has been shown to preferentially mediate
monocyte trafficking and promote inflammation and tissue damage in OA%. Because
circulating monocytes can replenish tissue-resident macrophage populations, which
are important players in OA pathogenesis, high systemic DHET levels may directly
or indirectly influence the progression of OA through the activation of peripheral
monocyte subsets.

To investigate whether peripheral monocyte subsets were indeed affected in our model,
we analysed changes in circulating monocyte subsets before and after knee injury. We
observed significantly increased monocytic activation, reflected by the upregulation
of B -integrin CDuc. HFD mice increased monocytic CD1c expression before DMM
surgery, demonstrating a dietary effect. It is interesting that LFD mice showed more
CDuic* monocytes at end point (8 weeks after DMM) than before DMM surgery. As
it seems not likely that CDuic is a marker for ageing alone, this finding suggests that
monocytic CDuc expression partly reflects the consequences of the DMM surgery.
However, due to the lack of external sham-operated controls we were not able to verify
this possibility in ourstudy. Our finding that CD1icwas predominantly expressed by non-
classical monocytes is consistent with earlier reports#* and points to tissue infiltration by
this subset. It might be that the increase in the circulating intermediate CD43**Ly6C™
monocyte subpopulation indicates renewing of the non-classical monocyte pool by
maturation of peripheral classical monocytes. Alternatively, the increase of this pro-
inflammatory monocyte subset might indicate a role in metabolic OA pathogenesis.
In humans, intermediate monocytes appear to be the main population to be perturbed
in disease conditions®, including metabolic syndrome, rheumatoid arthritis and
atherosclerosis*. Though preliminary, our observations show consistency with
current literature on the role of monocyte subsets in inflammation and OA. Elevated
monocytic activation has also been reported in women with knee OA and positively
associated with BMI#. Similar preclinical findings were made in a mouse model of diet-
induced atherosclerosis, in which low-grade inflammation sustained elevated levels
of CDub*Ly6C" pro-inflammatory monocytes>°. Here, similar low-grade inflammation
instigated significant in vitro expansion of intermediate monocytes in human
peripheral blood mononuclear cells>®. Taken together, our data add to the current
understanding that a systemic dysregulated lipid metabolism and immune activation
may be independent yet intertwined processes that contribute to the progression of
metabolic OA.

We hypothesized that M1 polarization as seen in obesity might drive local metabolic
OA pathogenesis, but no significant increases or shift in synovial macrophage
subpopulations were observed. The relative increase of synovial F4/80* macrophages
in the HFD group is likely an underestimation, as significant synovial thickening

95




Chapter 3

inherently affects surface area percentages in our image analysis. However, despite the
low sample numbers with interindividual variability, our novel triple immunostaining
provided a clear image of the local macrophage polarization. We observed a mixed
pattern of both M1 and M2 macrophage markers together with increased iNOS
deposition in the synovia of HFD mice (data not shown). These novel findings are
in line with clinical studies showing that activated human macrophages in the OA
knee joint express both M1 and M2 markers while displaying a pro-inflammatory
cytokine profile> 5*. Therefore, the increased iNOS secretion in the HFD group might
reflect altered macrophage activation (instead of polarization) and indicate a pro-
inflammatory microenvironment in the knee joint.

In conclusion, we have demonstrated that metabolic stress as applied in this model on
its own does not provide sufficient stress for OA development, but clearly aggravated
PTOA progression by promoting cartilage damage, synovial inflammation, and
osteophyte formation. HFD instigated a proinflammatory environment through
systemic changes in lipid metabolism and activation of non-classical monocytes.
Based on these results, we propose that a CYP450-focused eicosanoid metabolism and
activated circulating monocytes may be drivers of metabolic OA progression. These
systemic factors might have future potential as diagnostic and prognostic markers for
metabolic OA, consistent with conclusions from a recent clinical study> 5. For the
clinical setting, our results imply that pharmacological inhibition of metabolic stress
could benefit obese patients with secondary OA. Specifically, inhibition of soluble
epoxide hydrolase could be a promising strategy to attenuate metabolic OA.
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Supplemental Material and methods

Experimental animals and housing

The experiment was carried out in wild-type male Cs57BL/6] mice purchased
from Charles River Laboratories (L'Arbresle Cedex, France) that received a 2-week
acclimatization period after transfer to a specific pathogen-free (SPF) animal facility.
Age at the start of the study was 12 weeks. Mice were housed in open polycarbonate
cages (Type II L) with 2-3 animals/cage. Cages were set up in temperature- (21 + 0.5°C)
and humidity-controlled (45 + 2%) rooms, with 15 air changes/hour under filtered
positive pressure ventilation. Mice were maintained under standard conditions with
a 12 h light-dark cycle (beginning at 07:00 UTC+1). The experiment was approved by
the institutional Animal Care and Use Committee of TNO and was in compliance
with ARRIVE guidelines and European Community specifications regarding the use of
laboratory animals.

Diets and surgical intervention

Metabolic stress was induced by providing a high-fat diet (HFD, 45% kcal from fat;
cat# Di12451, Research Diets, Inc., New Brunswick, USA) to 12-week old male C57BL/6]
mice (n=10) for 18 weeks. Ten control mice of same sex and age received a synthetic
low-fat diet (LFD, 10% kcal from fat; cat# Di12450B, Research Diets, Inc.) during that
time period. Group sizes were determined based on variance obtained from pilot data.
In turn, estimated effect size and variation of these data will be used to estimate the
required sample size for future studies. Mice had access to clean water and food ad
libitum.

Ten weeks after starting the diet OA was induced in the right knee only by destabilizing
the medial meniscus (DMM) as previously described>. Inshort, the medial meniscotibial
ligament (MMTL) of the right knee joint was transected, detaching the medial meniscus
from the tibial plateau and inducing knee instability. The left knee joint served as
an experimental control and received all surgical procedures except for the MMTL
transection (sham surgery). Surgery was conducted in waves on several consecutive
days, with groups equally divided over the days, time slots, and the groups to avoid
effects of date or time on results. Surgery was performed under isoflurane anaesthesia
and mice received analgesia 30 minutes before (subcutaneous (sc) injection of 0.05
mg/kg Temgesic) and 4-6 hours after surgery (sc injection of 0.01 mg/kg Temgesic) to
minimize suffering. In some cases, equally distributed amongst both groups, analgesic
treatment was prolonged for up to 3 days (sc injection of 0.01 mg/kg Temgesic every
12 hours), to prevent gnawing on the sutures and promote recovery. Wound healing
and mobility were monitored daily up to 2 weeks after surgery. Mice were euthanized 8
weeks post-surgery using gradual-fill CO2 asphyxiation.
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Assessment of metabolic stress

We define metabolic stress as a significant increase in either body weight and/or
fasting cholesterol, glucose and/or insulin plasma levels compared with values as
observed in LFD controls. Body weight was determined every other week. Changes in
body composition were assessed at o, 9 and 17 weeks using the quantitative magnetic
resonance method (EchoMRI, Echo Medical Systems LLC, Houston, TX, USA -
measuring whole body fat, lean, free water, and total water masses in live animals).
At regular intervals (t = 0/5/9/14/18 weeks), EDTA plasma samples were collected
by tail vein incision after a 4-5 hour fasting period and residual plasma was stored at
-80°C. Total cholesterol was determined directly upon plasma collection by enzymatic
assay (No. 11491458216, Roche Diagnostics Nederland BV, The Netherlands) according
to manufacturer’s instructions. Plasma glucose and insulin levels were measured for
all time points at once. Glucose levels were determined by the hexokinase assy using
commercially available reagents (No. 2319 and 2942, InstruChemie, The Netherlands;
No. G6918, Sigma-Aldrich, The Netherlands). Insulin levels were determined using an
ELISA for mouse insulin (Cat.no. 10-1113-01, Mercodia, Sweden). Insulin resistance index
(HOMA-IR) was calculated according to the equation proposed by Matthews et al.3:
HOMA-IR = (glucose (mmol/L) x insulin (mU/L)) / 22.5.

Histopathology of the mouse knee joint

Knee joints of the hind limbs were harvested, fixed in a 10% formalin neutral buffered
solution (Sigma-Aldrich, USA) for 24 hours, decalcified in Kristensen’s solution,
dehydrated and embedded in paraffin. Serial coronal 5 pm sections were collected
throughout the joint at 60 um intervals and stained with Weigert’s Hematoxylin, Fast
Green and Safranin-O. Sections from the front of the knee, at the posterior side of the
infrapatellar fat pad, were used to control for successful MMTL transection (Figure S1).
Two HFD mice and three LFD control mice showed intact MMTL at their right leg and
were excluded from further analysis (leaving n=8 and 7 for comparison). As expected,
all sham knee joints showed intact MMTL.

At least two representative sections from the midcoronal region of each knee joint were
evaluated for OA severity, using the OARSI histopathology initiative scoring system
specifically designed for the mouse4. Grading was performed by two independent
observers who were blinded for group assignment (AK and FH). The joint was scored
at 6 locations: femoral condyles and tibial plateaus at the lateral and medial sides,
trochlear groove and the patella (score 0-6 per articular cartilage compartment). Due
to incomplete patellar scores for all mice, we report the sum of the medial and lateral
scores as the total tibiofemoral cartilage degeneration score (maximum total score
24). Osteophyte formation and synovitis were scored separately on the same sections
and at the same locations. We used the scoring method recommended by the OARSI
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histopathology initiative4, where: o is normal, 1 = mild, 2 = moderate and 3 = severe
changes. For these parameters too, we report the sum of the four compartmental sub
scores as the total score (maximum total score 12).

Eicosanoid analyses in fasted plasma

Eicosanoid profiling was performed in the thawed (-80°C frozen) fasted plasma
samples obtained at t=0, 9 and 17 weeks. Sample volumes of 50 pl were aliquoted
from each plasma sample. Internal standards (10 pl of PGF2a-EA-d4 (2.49uM), 10 pl
of AA-d8 (1uM), 10 pl of PGD2-d4 (1pM), 10 pl of 15-HETE-d8 (7.6uM) were added
to each sample or blank sample (MilliQ water), along with 2 pl of formic acid (98%
v/v) and 5 pl butylhydroxytoluene. Sample preparation and analysis was performed
based on the method described by Wong et al.5. In summary, lipids were extracted
by SPE, separated using reversed-phase HPLC and detected using tandem mass
spectrometry in multiple reaction monitoring mode. Pooled QC samples (human
plasma) were interspaced approximately after every 14 study samples to monitor the
method performance. Concentrations of a total of 24 eicosanoids were calculated using
external calibration standards for each of the analytes. The lipidomic dataset is also
stored in a phenotype database repository and is available by signing up via https://
dashin.eu/interventionstudies/. After receiving credentials and logging in, the study
can be accessed via https://dashin.eu/interventionstudies/study/show/39162914 or by
searching the study code (HFD_DMM) or study title (“High-fat diet feeding aggravates
osteoarthritis progression in a surgical mouse model: role of eicosanoids and circulating
monocytes”).

Immunophenotyping of peripheral monocytes by flow cytometry

Monocytic subpopulations were analysed in peripheral blood samples at 9 and 17
weeks, to study changes over time. Blood (5 drops/animal) was drawn via tail incision
into lithium heparin-coated Microvette tubes and were further processed within 8 h of
collection. Following erythrocyte lysis, cells were washed and resuspended in staining
buffer, consisting of a phosphate buffered saline solution with 2% newborn calf serum
(PBS-NBCS). Cells were then transferred to a V-bottom 96-wells plate, washed and
blocked for non-specific antibody binding with 50 pl normal mouse serum for 15
minutes at room temperature. Cell surface staining was performed with the antibody
panel shown in Table 1 (except for CD206, which was used for intracellular staining).
Anti-CD16/CD32 monoclonal antibody (clone 2.4G2, dilution 1:50, cat#553141, BD
Biosciences, USA) was added to the antibody mix to reduce non-specific antibody
binding to Fc gamma II/III receptors. For intracellular staining of the mannose receptor
(CD206), cells were fixed and permeabilized using the Fix/Perm kit (BD Pharmingen)
according to manufacturer’s recommendations and incubated with the relevant
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antibody (Table 1). Both staining incubations were performed in PBS-NBCS for 30
minutes at 4°C. Pooled portions of samples were used for unstained, single-stained and
fluorescence minus one (FMO) controls. Data acquisition was performed with a 3-laser
FACSCantoTM 1I flow cytometer using the FACSDiva Software (Becton Dickinson)
(Table S1). Cytometer Setup and Tracking beads and CompBeads antibody-capturing
particles (both BD Biosciences) were used to standardize instrument and compensation
settings, respectively. Flow cytometry data were analysed using FlowJo vio.2 (Treestar
Inc., USA). Cell clumps were gated out on a pulse geometry gate (FSC-H x FSC-A).
Debris sized <25K were excluded on low angle (forward scatter, FSC) versus 9o? angle
(side scatter, SSC; “live” gate). Monocytes were identified as positive for CDu5 and
CDub expression. Monocyte populations of interest were subsequently defined based
on their expression of CD43 and Ly6C (Figure S2). Activation of circulating monocytes
was assessed with CD206, which is involved in phagocytosis, and B2-integrin CDiic,
which contributes to monocyte arrest on endothelial cells.

Immunohistochemical evaluation of macrophage subsets in the knee

DMM-operated knee joints from both groups were stained for M1 and M2 macrophage
subsets by triple-labelling immunohistochemistry (IHC), in which primary antibodies
targeted murine macrophages (F4/80, 1:100, MF48000 (BM8), Invitrogen) and their
subset-specific markers inducible nitric oxide synthase (iNOS; 1:400, ab136918 (K13-A),
Abcam) for M1 macrophages or mannose receptor (CD206, 1:100, AF2535, R&D Systems)
for M2 macrophages. Slides were deparaffinized with xylene for 5 min and rehydrated
through graded alcohols to DI water. Heat-induced antigen retrieval was performed in
the Dako PT Link System using the low pH Target Retrieval Solution (pH 6.0, Dako,
CA, USA). After washing, primary antibodies against F4/80 and iNOS were added for
overnight incubation at 4°C except for the first section on each slide that served as a
negative control. Slides were washed the next day, blocked in 0.3% H202 for 15 min at
RT, and incubated with appropriate AP- and HRP-conjugated secondary antibodies
(RALP525 L, Biocare Medical; abg7057, Abcam). Positive reactions were visualized with
Ferangi Blue (FB813H, Biocare Medical) for iNOS and StayYellow (ab169561, Abcam)
for F4/80. To inactivate preceding labels, slides were incubated with antibody elution
buffer (100 mM glycine/NaOH, pH 10.0) for 1 hour at 50°C. Following a washing step,
primary antibody against CD206 was added for a 2-hour incubation at 37°C except for
the first section on each slide that served as a negative control. Slides were washed and
incubated with an appropriate AP-conjugated secondary antibody (ab6886, Abcam),
which was visualized with Liquid Fast Red (TA-125-AL, ThermoScientific). Slides were
dried in the oven for 1 hour at 37°C and coverslipped with EcoMount (Biocare Medical)
for microscopic examination. All intermediate washing steps were done in PBS, except
for the visualization steps for which TBS was used. Except for the first secondary
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antibody step, antibodies were diluted in PBS with 1% BSA (Sigma-Aldrich).
Quantification was performed in the lateral patellofemoral synovial lining and sub-
lining of the knee joint, to avoid confounding influence of the medial surgery through
the synovial tissue. Digital images of the unmixed colour spectra for each chromogen
in the region of interest (ROI) were obtained with a Nuance multispectral imaging
system (40x magnification). Macrophage subtypes were analysed using Image] 1.51n
image analysis software. Colocalization of two or the three markers was calculated from
the areal overlap between positivity for F4/80 and CD206 or iNOS or both. Data are
expressed as percentage positivity for a label or combination of labels within the ROI.

Statistical analysis

Statistical analysis was performed using IBM SPSS software (v25.0, IBM SPSS Inc.,
Chicago, IL, USA). Assumptions of normality were tested with the Shapiro-Wilk’s W
test and checked graphically based on the residuals. Levene’s test was used to assess
homogeneity of variances. Mann-Whitney U-test was used for comparison between
groups of metabolic parameters, (immuno)histopathological scores and monocyte
percentages per time point. Wilcoxon matched-pairs signed rank test was used to
compare changes over time in monocyte percentages within each group. Spearman rank
correlation was used to test for associations. Two-sample t-testing was used to compare
differences in lipid profiles. To account for the effect of time, delta values of eicosanoid
levels between time points were used as input. The t-values for the eicosanoids were
used for metabolic prioritisation in visualizing the metabolic network, as described
previously6. In all analyses, a probability value < 0.05 was considered statistically
significant. Unless stated otherwise, data are presented by the median with interquartile
range (range between the 25th to 75th percentiles).
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Supplemental Tables

Table S1. Flow cytometer setup.

Instrument: Becton Dickinson FACSCanto™ II

Laser Lines 488 nm 633 nm 405 nm
Emission filters | 780/60 670LP 585/42  530/30 660/20 450/50
Fluorochrome PE/Cy7 PerCP PE Alexa Fluor 488 APC Horizon V450

Table Sz. Correlation analyses between synovial macrophage subsets and OA
features. Two-tailed Spearman rank correlations between OA features and surface
area positivity of the immunohistochemical macrophage markers in the knee joint.

Abbreviations: r, Spearman’s correlation coefficient; p, probability value. Bold font
indicates statistically significant correlations between variables. Statistical significance
level was set to p<0.05.

OA score OA score Osteophyte Synovitis
total lateral score score
T, p T, p T, p T, p
Positivity within synovial lining (%)
F4/80 0,474 0,074 0,548 0,035 0,302 0,274 0,726 0,002
CD206 0,342 0,213 0,303 0,272 0,056 0,843 0,510 0,052
iNOS 0,435 0,105 0,454 0,089 0,193 0,490 0,713 0,003
Colocalization within synovial lining (%)
F4/80 / CD206 0,399 0,141 0,517 0,048 0,372 0,172 0,702 0,004
F4/80 / iNOS 0,463 0,082 0,530 0,042 0,224 0,422 0,688 0,005
CD206 / iNOS 0,462 0,083 0,576 0,025 0,266 0,339 0,568 0,027

F4/80 / CD206 /iNOS 0,494 0,061 0,616 0,015 0,341 0,213 0,635 0,011

Positivity within F4/80+ fraction (%)

CD206 0,114 0,685 0,075 0,789 0,206 0,461 0,110 0,695
iNOS -0,027 0,924 0,032 0,909 -0,298 0,280 -0,109 0,700
CD206 / iNOS 0,449 0,093 0,510 0,052 0,307 0,265 0,172 0,540

Abbreviations: AF, Alexa Fluor; PE, phycoerythrin; Cy, cyanine; PerCP, peridinin chlorophyll
protein complex; APC, allophycocyanin.
*Intracellular staining.

107



Chapter 3

Supplemental Figures

Figure S1. The success of the DMM surgery was assessed by histological analysis of the
MMTL. Incomplete transection of the MMTL led to exclusion of the respective animal. A)
Intact MMTL (open arrowhead) despite surgical intervention. B) Successful DMM intervention,
showing frayed remains of MMTL at the medial meniscus (closed arrowhead). Original
magnification x10. Abbreviations: F, femur; T, tibia; LM, lateral meniscus; MM, medial meniscus;
IFP, infrapatellar fat pad.
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Figure S2. Flow cytometry gating strategy used to detect peripheral monocyte
subpopulations. Cell clumps were gated out on a pulse geometry gate (FSC-HxFSC-A;
“Singlets”), after which dead cells and debris were gated out according to size and scatter (SSC-
AxFSC-A; “Leukocytes”). Positive selection for CDus removed immature neutrophils and
eosinophils. Monocytes were identified based on their size and CDub expression. Monocyte
populations of interest (I-III) were subsequently defined based on their expression of CD43
and Ly6C. Activation of circulating monocytes was assessed with CD206, which is involved in
phagocytosis, and Bz-integrin CD1ic, which contributes to monocyte arrest on endothelial cells
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Abstract

Background. Obesity is one of the greatest risk factors for osteoarthritis (OA) and
evidence is accumulating that inflammatory mediators and innate immunity play
an important role. The infrapatellar fat pad (IFP) could be a potential local source
of inflammatory mediators in the knee. Here, we combine surgically induced joint
damage with high-fat feeding in mice to investigate inflammatory responses in the IFP
during OA development.

Methods. Mice (n=30) received either a low-fat diet (LFD), high-fat diet (HFD) for
18 weeks or switched diets (LFD>HFD) after 10 weeks. OA was induced by surgical
destabilization of the medial meniscus (DMM) at week 10, contralateral knees served
as sham controls. An additional HFD-only group (n=15) received no DMM.

Results. The most pronounced inflammation, characterized by macrophage crown-
like structures (CLS), was found in HFD+DMM mice, with increased CLS/1000
adipocytes compared to HFD only (p=0.001) and LFD+DMM (p=0.005). The M1
macrophage marker iNOS increased significantly by DMM (p=0.04), while no change
in M2 macrophage marker CD206 was observed. Fibrosis was minimal by HFD alone,
but in combination with DMM there was a trend towards increased fibrosis.

Conclusions. These findings indicate that a high-fat diet alone does not trigger
inflammation or fibrosis in the infrapatellar fat pad, but in combination with an extra
damage trigger, like DMM, induces inflammation, fibrosis and a pro-inflammatory M1
macrophage shift in the infrapatellar fat pad. These data suggest that HFD provides a
priming effect on the infrapatellar fat pad and that combined actions bring the joint in
a metabolic state of progressive OA.
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Introduction

Obesity is one of the greatest risk factors for osteoarthritis (OA) and evidence is
accumulating that inflammatory mediators and innate immunity play an important
role in obesity-related OA*> Adipose tissue is nowadays viewed as an important and
complex endocrine organ, containing macrophages and releasing many inflammatory
factors that can act both locally and systemically. Well-known adipose factors include
cytokines like interleukin-1 and tumor necrosis factor alpha and adipokines such as
resistin, adiponectin and leptin3. A systematic review showed that the risk of developing
hand OA is higher in people with obesity, providing strong evidence for a systemic
component in obesity-related OA, as mechanical stress cannot explain the increased
OA risk of non-weightbearing joints*. However, unraveling the disease process of OA
and the causality of obesity or metabolic syndrome in this process remains challenging
because of the complex multifactorial nature of OAS.

OA is considered to be a whole joint disease, where cartilage, bone, synovium, menisci,
ligaments, muscles and the joint capsule are all involved® 7. The infrapatellar fat pad
(IFP) or Hoffa’s fat pad was proposed as an additional tissue that is involved in the
pathogenesis of knee OA®. The IFP isan adipose tissue depot located within the articular
capsule of the knee and thereby a potential local source of inflammatory mediators. The
IFP is vascularized, well innervated, and consists mainly of adipocytes, fibroblasts and
immune cells8, 9. Adipokines produced by adipocytes are found in the synovial fluid
of OA patients and the leptin concentration is known to correlate with OA severity™, *.
The role of the IFP in the development of OA is still unclear, as both protective and
harmful effects of the IFP and cell subsets in the I[FP have been reported®™. The secretion
of several inflammatory mediators was found to be significantly higher in the IFP from
OA patients, when compared to subcutaneous adipose tissue from the same patient®.
These data suggest that there could be a role for the IFP during the development of OA,
as a secretory organ releasing inflammatory mediators into the knee joint. However,
research done on human IFP is mostly from end-stage OA patients undergoing knee
arthroplasty and it might therefore misrepresent the true effect of the IFP in the disease
process.

The release of pro-inflammatory cytokines by adipose tissue increases in obesity
and is known to be primarily caused by nonfat cellsg. Approximately 5% of all cells
in adipose depots of both mice and humans are macrophages, but during obesity the
percentage of macrophages increases, up to 50% of total cells. In the healthy situation,
macrophage populations in adipose tissue consist mainly of anti-inflammatory CD206-
positive M2 type macrophages'> 6. However, in obesity, fat depots throughout the body,
but especially abdominal fat, show a switch to a pro-inflammatory M1 macrophage
phenotype, characterized by the production of several factors of which inducible nitric
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oxide synthase (iNOS) is one"”. Next to the switch in macrophage phenotype, adipose
inflammation in obesity is often accompanied by tissue fibrosis® and an increase in
adipocyte size, which reflects the metabolic cell stress’. When hypertrophic adipocytes
die, macrophages will surround the dying cell and thereby form a crown-like structure
(CLS)>>, The CLS count in histological sections isa good indication of the inflammatory
state of the IFP and macrophage infiltration the inflamed adipose tissue. In human
end-stage OA the macrophage phenotype in the IFP is found to be predominantly anti-
inflammatory and CD206-positive®, but there are indications that the IFP may have a
pro-inflammatory contribution in the earlier phase of the disease process= .

Although long-term feeding of high-caloric diets consistently induces metabolic
syndrome in rodents, diet-induced cartilage degradation proved variable in such
models*. It seems that an additional trigger is needed to induce or accelerate diet-
induced OA progression in the joint>2¢. We hypothesize a similar effect will be observed
regarding inflammatory responses in the IFP, and that inflammation and OA induction
is small upon high-fat feeding alone, but will be accelerated in combination with an
extra trigger. Therefore, we employed a surgical model of OA by destabilization of the
medial meniscus (DMM). We compared mice with injury-induced OA on a high-fat
(HFD) or low-fat diet (LFD) with mice on a HFD alone. The inflammatory responses of
the IFP to the destabilization trigger in a metabolically loaded system was investigated.

Materials and methods

Experimental design

Experimental groups were formed by 30 male wild-type C57BL/6] mice (Charles River
Laboratories) that received a diet low-fat diet (LFD, 10% kcal from fat; cat# D12450B,
Research Diets, Inc., New Brunswick, USA) or high-fat diet (HFD, 45% kcal from fat;
cat# D12451, Research Diets, Inc.) for 18 weeks combined with surgical destabilization
of the medial meniscus (DMM) at week 10. The 30 mice were randomized into 3
groups; high-fat diet (HFD+DMM group), low-fat diet (LFD+DMM group) and a third
group that switched from a LFD to a HFD after 10 weeks (LFD>HFD+DMM group).
An additional control group consisted of 15 male wild-type C57BL/6] mice taken from
another study* that received the same HFD (cat# D12451, Research Diets, Inc.) without
any surgical intervention (HFD-only group) for 38 weeks. This prolonged study
duration ensured OA development in this mild model. Albeit from another litter and
the time period of this HFD-only group was approximately twice as long, we felt that
this additional control group could provide important information on the effects of
diet in addition to contralateral sham-operated control knees from the HFD+DMM
group. All mice started at 12 weeks of age and were fed ad libitum. Mice were housed
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in open polycarbonate cages (Type II L) with 2-3 animals per cage. Cages were set up
in temperature-controlled (21 + 0.5°C) and humidity-controlled (45 + 2%) rooms, with
15 air changes/hour under filtered positive pressure ventilation. Mice were maintained
under standard conditions with a 12 h light-dark cycle (beginning at 07:00 UTC+1). All
experiments were approved by the institutional Animal Care and Use Committee of
TNO and were in compliance with European Community specifications regarding the
use of laboratory animals (European Directive 2010/63/EU).

Surgical intervention

In the groups that received surgical intervention, OA was induced by destabilization
of the medial meniscus as described previously *%. In this procedure, the medial
meniscotibial ligament (MMTL) of the right knee was transected to detach the medial
meniscus from the tibial plateau and thereby causing knee instability. The left knee
served asan internal control where sham surgery was performed. Surgery was performed
under general anesthesia (isoflurane) and all mice received a subcutaneous injection of
analgesia (Temgesic) 30 minutes before (0.05 mg/kg) and 4-6 hours after surgery (o.01
mg/kg). To prevent gnawing on the sutures analgesic treatment could be prolonged up
to 3 days with 0.01 mg/kg Temgesic every 12 hours. Surgery was conducted on several
consecutive days. Groups were equally divided over the days and time slots to avoid any
influence on the outcome of this study.

Metabolic status and histological evaluation

Metabolic overload was monitored during the study, body weight and body composition
(EchoMRI LLC, Houston, TX, USA) were assessed at regular intervals. EDTA samples
were collected to determine fasted plasma total cholesterol, glucose and insulin levels.
Insulin resistance index (HOMA-IR) was calculated according to the equation proposed
by Matthews et al.**, where HOMA-IR = glucose (mmol/L) x insulin (mU/L) / 22.5.

All knees were processed for histological evaluation. Articular cartilage degradation,
osteophyte formation and synovitis were scored on Hematoxylin, Fast Green and
Safranin-O stained sum sections of the midcoronal region of each knee joint. The
OARSI histopathology initiative scoring specifically designed for mouse was used as
scoring system3°. For all parameters we report the sum of the compartments as the total
score, the patella compartments were not included in this study. In mice that received
DMM surgery, histological sections from the front of the knee were used to check for
successful MMTL transection. Based on an intact MMTL two HFD+DMM mice and 3
LFD+DMM mice were excluded from further analysis.

Hematoxylin phloxine saffron (HPS) stained sections of the joint including the IFP
were used to determine the number of crown-like structures (CLS) per 1000 adipocytes.
Picrosirius red stained sections were used to assess collagen levels in the IFP. For each
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sample, the number of CLS and the level of sirius red staining was determined by using
at least 3 individual coupes. CLS were counted blinded by two independent assessors, a
CLS was defined by the presence of at least 4 nuclei, not originating from blood vessels,
around one adipocyte combined with stained cytoplasm surrounding the adipocyte.
The picrosirius red staining was quantified in Image]J, using images that were converted
to 8-bit with exclusion of background, and the percentage area of red staining was
calculated. Number and size of adipocytes in the IFP was determined using the Image]
Adiposoft plugin®. For each section three images were captured with an Olympus SC50
camera at 10x magnification and the average adipocyte number per pm? and average
adipocyte size was determined.

Immunohistochemical assessment of macrophage subsets in the IFP

Knee joints from all groups were stained with chromogenic triple-labeling
immunohistochemistry for M1 (iNOS) and M2 (CD206) macrophage subsets, based
on a previously described method for human tissue®. Primary antibodies were applied
for F4/80 to target murine macrophages (1:100, MF48000 BMS8, Invitrogen), iNOS
(1:400, ab136918 Ki3-A, Abcam) and CD206 (11100, AF2535, R&D Systems). Heat-
induced antigen retrieval was performed in the Dako PT Link System using the low pH
Target Retrieval Solution (pH 6.0, Dako, CA, USA). First, primary antibodies against
F4/80 and iNOS were incubated overnight at 4°C. Slides were blocked for endogenous
peroxidase in 0.3% H202 for 15 min at room temperature, and incubated with alkaline
phosphatase and horseradish peroxidase conjugated secondary antibodies (RALP525
L, Biocare Medical; abg7057, Abcam). Positive reactions were visualized with Ferangi
Blue (FB813H, Biocare Medical) for iNOS and StayYellow (ab169561, Abcam) for F4/80.
To inactivate preceding labels, slides were incubated with antibody elution buffer (100
mM glycine/NaOH, pH 10.0) for 1 hour at 50°C. Then, the primary antibody against
CD206 was added for a 2-hour incubation at 37°C. Slides were washed and incubated
with an AP alkaline phosphatase conjugated secondary antibody (ab6886, Abcam),
which was visualized with Liquid Fast Red (TA-125-AL, ThermoScientific). Digital
images of the unmixed colour spectra for each chromogen in the IFP were obtained with
a Nuance multispectral imaging system (20x magnification). Macrophage subtypes
were analyzed using Image] image analysis software (1.47v, Wayne Rasband, Bethesda,
MD, USA). Colocalization of two or the three markers was calculated from the areal
overlap between positivity for F4/80 and CD206 or iNOS or both. Data are expressed
as percentage positivity for a label or combination of labels within the IFP or within the
F4/80 macrophage population.
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Statistics

Statistical analysis was performed using Prism (v7.04, GraphPad Software, La Jolla, CA,
USA) and IBM SPSS software (v25.0, IBM SPSS Inc., Chicago, IL, USA). Normality was
tested with the Shapiro-Wilk’s W test and checked graphically. Statistical significance
among different groups in normally distributed data was assessed using the one-way
ANOVA with Tukey’s multiple comparisons test. Non-normally distributed data was
analyzed using the Kruskal-Wallis test with Dunn’s multiple comparisons test. P-values
<0.05 were considered statistically significant. Graphs and error bars represent median
+/- interquartile range (IQR), p-values in graphs are reported with asterisks where

*xKk

P<0.05 is ¥, p<0.01 is **, p<o.001 is *** and p>0.05 is not significant (NS).

Results

Metabolic status and osteoarthritis development

The metabolic status of the mice was monitored during the study period. At initiation
of the diet at 12 weeks of age the average cholesterol level and fat mass percentage
were comparable between the four groups (p=0.571 and p=0.210, respectively). During
the study period HFD feeding caused metabolic overload, reflected by an increase in
body weight (Figure 1A) and fat percentage (Figure 1B), which was largest in the HFD
groups. Similarly, cholesterol levels, insulin levels and glucose levels were elevated at
end point in the two HFD groups compared to other groups (Table 1). Even though
body composition at week o was not different, the HFD-only group did have a higher
total body weight at the start of the study, likely related to the fact that they were from
a different litter used in another study.

Cartilage degradation and osteophyte formation was histologically assessed in all
knees. Cartilage degradation was most pronounced in HFD+DMM knees with a
median [IQR] of 19.38 [15.06-20.94] versus 17.0 [10.31-23.13] in the LFD>HFD+DMM
knees and 13.75 [8.0-20.0] in the LFD+DMM knees, the difference between HFD+DMM
and LFD+DMM was statistically significant (p<o.05) (figure 1C). The HFD-only group,
although 20 weeks older, had an OA score of 4.25 [3.71-5.44] which was comparable to
internal sham surgery joints. Osteophyte formation was significantly increased in the
HFD+DMM group compared to the LFD+DMM group (p=0.04) (Figure 1D). Both OA
score and osteophytosis were considerably lower in contralateral knee joints (sham)
and in knee joints from HFD-only mice (Figure 1 C,D).
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Figure 1. Metabolic and OA status of the mice. A) Body weight during the study period per
study group. B) Body composition at several time points during the study, percentage of lean
mass and fat mass are depicted. C) Summed OA score and D) osteophyte score at the end of the
study period. Graphs and error bars represent median +/- interquartile range (IQR).

Synovitis and inflammation markers in the infrapatellar fat pad

Synovitis was increased in the knees that received DMM compared to internal sham
controls and was most aggravated in the HFD+DMM group with a median [IQR] of 6.50
[5.25-8.50] (Figure 2A). The HFD-only group, receiving no additional intervention to
induce OA apart from the 38-week HFD regimen, showed a synovitis score of 4.0 [4.0-
6.0] that was significantly higher than the sham controls from the HFD+DMM group
(p<0.0001). Adipose inflammation in the IFP, reflected by the number of CLS/1000
adipocytes, was low in the HFD-only group (2.41 [2.04-3.30] CLS/1000 adipocytes) and
LFD+DMM group (1.82 [0.71-5.27] CLS/1000 adipocytes; Figure 2B). Only when OA was
induced by DMM surgery in HFD-fed mice, a significant increase in CLS was observed
(7.45 [1.11-15.62] CLS/1000 adipocytes) compared to HFD-only and LFD+DMM groups
(p<0.005). Remarkably, contralateral joints of the HFD+DMM group also showed a
trend towards increase in the amount of CLS (3.50 [2.43-9.48] CLS/1000 adipocytes).
Adipocyte hypertrophy was distinct in groups receiving HFD compared with the
LFD+DMM group (p<o.oo01) (Figure 2C + 2D).
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Figure 2. Markers of inflammation in the synovium and IFP. A) Histologically assessed
synovitis score per group. B) Crown-like structure count in the IFP, expressed per 1000
adipocytes. C) The adipocyte size in the IFP, with D) representative images HPS stained IFP
sections indicating the adipocyte size per group. Graphs and error bars represent median +/-
interquartile range (IQR).

Macrophage phenotypes in the infrapatellar fat pad

To investigate the phenotype of macrophages in the IFP a triple immunohistochemistry
staining was used to distinguish between pro-inflammatory M1 (F4/80+ and iNOS+)
and anti-inflammatory M2 (F4/80+ and CD206+) macrophages (Figure S1). The pan
macrophage marker F4/80 showed a positive surface area of 0.67% [0.49-1.14] in the
IFP of the HFD-only group, compared to 1.18% [0.72-1.22] in the HFD+DMM group
and 0.94% [0.68-1.25] in the LFD+DMM group, which were all not statistically different
(Figure 3A). CD206 positivity in the IFP sections was low (<0.50%) and similar between
groups, regardless of diet or DMM surgery (Figure 3B). The percentage of iNOS positive
area was very low in the HFD-only group with 0.17% [0.11-0.23] but significantly higher
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in DMM groups with a median of 0.54% [0.39-0.85] in the LFD+DMM group and 0.39%
[0.27-0.42] in the HFD+DMM group (Figure 3C). When we evaluated colocalization of
F4/80 with macrophage phenotype markers iNOS (M1) and CD206 (M2) showed no
change in CD206-positive area between groups (Figure 3D). However, iNOS positivity
within the total F4/80 area increased significantly, from 8.80% [5.80-11.83] in the HFD-
only group to 13.68% [12.05-20.75] (p=0.04) and 13.40% [10.19-16.67] (p=0.07) in the
LFD+DMM and HFD+DMM groups, respectively (Figure 3E). This indicates that DMM
surgery provoked a relative increase in pro-inflammatory M1 macrophages in these
mice.
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Figure3.Macrophage phenotypesintheIFP. A) Percentage positiveareaof the pan macrophage
marker F4/80, B) anti-inflammatory M2 macrophage marker CD206 and C) pro-inflammatory
M1 macrophage marker iNOS in the total analyzed area of the IFP. D) Colocalization of F4/80
and CD206 and E) Colocalization of F4/80 and iNOS, both expressed as percentage of the total
positive F4/80 area. Graphs and error bars represent median +/- interquartile range (IQR).

Fibrosis in the infrapatellar fat pad

To get an indication of the level of fibrosis in the IFP, collagen was stained using
picrosirius red (Figure 4). The percentage of sirius red staining was lowest in the HFD-
only group and significantly different from all the other groups (p<o.05), with a median
[IQR] 0f 3.82% [2.61-4.71], indicating there is little collagen or fibrosis formation in these
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fat pads. In the sham operated groups the level of collagen was similar, varying from
10.65% to 12.62%. The staining in the LFD+DMM group had a median positive area of
11.14% [9.44-25.47] and the LFD>HFD+DMM group had a slightly higher percentage of
17.67% [12.09-25.06]. The HFD+DMM group had the highest level of sirius red staining,
with a median of 26.20% [14.10- 48.51], although it was not significantly different from
other groups or the sham joint.
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Figure 4. Fibrosis in the IFP. The percentage positive picrosirius red staining measured in the
IFP sections, shown together with representative images of staining in the experimental groups.
Graphs and error bars represent median +/- interquartile range (IQR).
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Discussion

In this study we investigated the effects of high-fat feeding and DMM-induced OA
on the metabolic load and innate immune response in the IFP. We found that
DMM-induced OA in combination with HFD feeding increased IFP inflammation,
characterized by an increase in CLS, and showed a trend towards increased fibrosis,
characterized by picrosirius red staining. Long-term HFD feeding alone did not
induce IFP inflammation or fibrosis, even though we did observe an increase in
synovial inflammation after 38 weeks HFD. Interestingly, when DMM was applied, the
contralateral (sham) joint also showed increased signs of IFP inflammation, although
not significantly. Furthermore, we saw an significant increase in the adipocyte size from
400 to 500 micrometers comparing the LFD and HFD groups, however, this increase
is modest compared to adipocyte enlargement usually observed in subcutaneous and
visceral murine fat tissue depots in response to high-fat feeding®. As adipocyte size is
an indicator of metabolic loading and inflammation®, this finding, together with the
low CLS count and little fibrosis in the HFD-only group, indicates that the IFP is less
susceptible to develop inflammation in response to HFD than other fat depots such
as intra-abdominal and subcutaneous fat. This finding is in line with a previous study
reporting no pro-inflammatory M1 macrophage-mediated inflammation in the IFP of
obese C57BL/6] mice prior to OA development3*. However, we do observe changes in
the IFP when an additional OA trigger is given in HFD animals, suggesting that there is
a systemic priming effect of HFD on the IFP.

In response to obesity, macrophages in fat depots across the body are known to undergo
a phenotype switch to pro-inflammatory M1 macrophages1;. However, we did not
find any changes in macrophage phenotype in the IFP associated with diet alone. We
observed an increase in the pan macrophage marker F4/80 in groups that underwent
DMM surgery but not in the (non DMM) HFD-only group. This increase in F4/80 was
accompanied by a minor shift in macrophage phenotype, indicated by an increase in
iNOS marker in the F4/80 positive area, suggesting an inflow of M1 macrophages to the
[FP rather than polarization of resident M2 macrophages. This hypothesis is in line with
the macrophage subsets found in human OA IFP, which isreported to be high in CD206+
cells compared to subcutaneous fat and compared to IFP of non-obese OA patients*> 3.
Our findings indicate that HFD alone does not induce increased inflammation in the
IFP as it does in other adipose depots in the body, but that an extra trigger, like DMM
is needed before the IFP shows serious signs of inflammation or an increase in pro-
inflammatory M1 macrophages. In a rat HFD groove model of OA where folate receptor
expressing macrophages were imaged using SPECT/CT similar observations were made
regarding macrophage activity in the total knee joint; when HFD was combined with
mechanically induced cartilage damage a profound increase in macrophage activity
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was observed3®. Not only immune cells seem to react upon a trigger, several studies in
rodents suggest that OA progression in animals with a metabolic phenotype is also
accelerated upon mechanical or other stressors like gender, age and genetics+ 237
The striking difference between the IFP and other adipose tissue in response to HFD in
terms of inflammation and macrophages might be clarified by its unique anatomical
location. In the knee joint the IFP is thought to function as a shock absorber3®, and its
importance for knee function is substantiated by the preservation of the IFP under
extreme starvation®. The IFP is known to be a fibrous adipose tissue type and has a
greater stiffness compared to other adipose tissues, which is thought to be a result
of the constant biomechanical stress* 4. We observed a large difference in collagen
levels in the IFP between the HFD+DMM group and the HFD only group, which is in
agreement with previous literature findings that fibrotic processes in the human IFP
are independent from BMI or obesity** . We do see an increase in fibrosis in response
to damage in the knee joint in an HFD environment as the highest values of Sirius
red were observed when high fat feeding and DMM are combined. These findings
contribute to the previously stated hypothesis that fibrosis in the IFP is not directly a
result of obesity, but might be a tissue healing response in reaction to the injury that
arises in the knee joint during OA#. Apparently, in a metabolically primed joint this
effect is more pronounced.

The clinical relevance of changes in the human IFP during OA is under investigation. A
recent study showed that volume change in the IFP measured by MRI is not associated
with obesity but with cartilage degeneration®. This is in agreement with our finding
that a HFD alone provokes little effect in the IFP, but additional cartilage damage
induced by DMM does. Other studies have shown correlations between IFP volume,
joint pain and joint inflammation in OA patients** 4. On the other hand, there are also
studies that showed a protective effect of [FP size on knee pain and cartilage defects* 4,
possibly explained by the mechanism of shock absorption.

This study included a set of 15 mice that received HFD for an extended period of 38
weeks without DMM surgery to induce OA (HFD-only group)>. Differences found
between the HFD+DMM and HFD-only group might be an underestimation, as the
HFD-only group continued the diet 20 weeks longer compared to the DMM groups,
possibly leading to a more aggravated state of OA and IFP inflammation than the state
of the knee joint at 18 weeks of HFD-only. As this would result in an underestimation
of the effects reported here, we consider our results to remain valid indicators for the
effects of HFD and DMM on the inflammatory state of the IFP.

In summary, we found few signs of inflammation or fibrosis in the IFP due to high-fat
feeding alone. We propose that metabolic overload primes adipocytes in the IFP for
inflammation and cell stress upon a damaging trigger, as indicated by an increased
amount of CLS and a trend towards more fibrosis upon surgical induction of OA. In this
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provoked setting, inflammatory mediators excreted by adipocytes and M1 macrophages
could contribute to the development of (metabolic) knee OA. However, in light of our
results it seems unlikely that IFP inflammation can initiate OA development by obesity
alone.
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Triple immunohistochemistry images: F4/80 (yellow), CD206 (red), iNOS (blue)
Digital camera Multispectral camera
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Figure S1. Analysis of triple immunohistochemistry images. Representative images of
several steps in the analysis of the immunohistochemistry staining. Two individual samples
are shown; one with relatively more CD206 and one with relatively more iNOS. By eye, colour
differences are best observed in the image taken with a normal digital camera. To quantify the
individual chromogen signal and possible colocalization the multispectral camera images were
used, as shown in the middle panel. Blood vessels and other (non-fat) tissues were excluded as
much as possible in the image used for the final analysis.
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Abstract

Background. C-reactive protein (CRP) levels can be elevated in osteoarthritis (OA)
patients. In addition to indicating systemic inflammation, it is suggested that CRP itself
can playarole in OA development. Obesity and metabolic syndrome are important risk
factors for OA and also induce elevated CRP levels. Here we evaluated in a human CRP
(hCRP)-transgenic mouse model whether CRP itself contributes to the development of
‘metabolic’ OA.

Methods. Metabolic OA was induced by feeding 12-week-old hCRP-transgenic males
(hCRP-tg, n = 30) and wild-type littermates (n = 15) a 45 kcal% high-fat diet (HFD) for
38 weeks. Cartilage degradation, osteophytes and synovitis were graded on Safranin
O-stained histological knee joint sections. Inflammatory status was assessed by
plasma lipid profiling, flow cytometric analyses of blood immune cell populations and
immunohistochemical staining of synovial macrophage subsets.

Results. Male hCRP-tg miceshowed aggravated OAseverityand increased osteophytosis
compared with their wild-type littermates. Both classical and non-classical monocytes
showed increased expression of CCR2 and CD86 in hCRP-tg males. HFD-induced
effects were evident for nearly all lipids measured and indicated a similar low-grade
systemic inflammation for both genotypes. Synovitis scores and synovial macrophage
subsets were similar in the two groups.

Conclusions. Human CRP expression in a background of HFD-induced metabolic
dysfunction resulted in the aggravation of OA through increased cartilage degeneration
and osteophytosis. Increased recruitment of classical and non-classical monocytes
might be a mechanism of action through which CRP is involved in aggravating this
process. These findings suggest interventions selectively directed against CRP activity
could ameliorate metabolic OA development.
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Introduction

Osteoarthritis (OA) is a progressive joint disease of partially unknown aetiology that
is characterised by focal loss of articular cartilage. In humans the most significant
factor contributing to OA is overweight, leading to an OA phenotype here referred to
as ‘metabolic OA' In recent years there has been increasing emphasis on the systemic,
metabolic components involved in the development and progression of this OA
phenotype'3. There is mounting evidence that metabolic overload and related systemic
inflammatory mediators are associated with OA development and progression. This
led to the recognition of a clinically distinct OA phenotype, termed metabolic OA*.
Especially the systemic low-grade chronic inflammation, which is strongly associated
to metabolic overloads, is thought to play an important role in the local development
and progression of metabolic OA3+.

Metabolic overload-induced systemic inflammation as seen in humans can be induced
by prolonged high-fat diet (HFD) feeding in small animal models and has been
shown to aggravate metabolic OA development in these models®. We have previously
demonstrated in various obesity-prone mouse strains that HFD feeding alone does not
necessarily lead to aggravated articular cartilage degradation and suggested that an
additional trigger besides high-caloric feeding is necessary to evoke metabolic OA’. In
a study by Gierman et al.8, this human C-reactive protein-transgenic (hCRP-tg) strain
was used to easily monitor the systemic inflammatory status of the mice via the general
inflammation marker CRP. Aggravated OA pathology was observed in hCRP-tg male
mice fed with a HFD (45 kcal% energy from fat) compared with chow diet. As these
mice received a HFD without an additional trigger, it is conceivable that CRP itself
might have triggered the aggravated OA pathology. Moreover, low-grade inflammation
proved more important than mechanical overload in the development of HFD-induced
metabolic OA in the hCRP-tg mouse®. Anti-inflammatory intervention with either
cholesterol-lowering rosuvastatin or PPARy agonist rosiglitazone showed significant
suppression of both OA development as well as plasma CRP levels, supporting the
importance of inflammation in metabolic OA pathogenesis.

CRP involvement has also been suggested in human OA pathogenesis. Systemic CRP
levels are significantly elevated in OA patients compared with healthy controls and
have been reported to relate with clinical features and radiographic severity?>. The
population-based Chingford study confirmed these findings and the authors suggested
that CRP levels in early OA can be used as a predictive marker for disease progression®.
In patients with advanced OA, systemic CRP levels reflected local joint inflammationi4
or paini5 rather than radiographic OA. The latter finding was corroborated by a recent
meta-analysis of 32 studies, where CRP levels were significantly associated with
pain and decreased physical function but not radiographic OA®. In contrast, others
demonstrated no association between CRP levels and OA severity after adjustment for
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body mass - including the follow-up of the Chingford study7*. These contradictory
results between studies have clouded the association between CRP levels and OA
pathology.

In our present study, we aimed to elucidate the role of CRP in HFD-induced OA
pathogenesis. Male hCRP-tg mice were compared with their wild-type male littermates
on a HFD to infer whether the expression of CRP contributed to diet-induced OA
aggravation. OA features like osteophyte formation and synovitis were determined to
investigate involvement with different aspects of OA pathology. Systemic lipid profiles,
blood immune cell populations and synovial macrophage subsets were evaluated to
assess whether hCRP-tg mice had a more proinflammatory status relative to their wild-
type littermates.

Materials and methods
A detailed methods section is available at the end of this Chapter.

Mice and experimental design

The experiment was carried out in male human CRP-transgenic (hCRP-tg, n=30)
and male wild-type littermates (n=15) on a C57BL/6] background. Metabolic OA
was induced by switching the diet of the mice from standard chow to a high-fat diet
(HFD, 45 kcal% from fat; cat# Di2451, Research Diets Inc., New Brunswick, USA) at
12 weeks of age. Both groups received the HFD for a consecutive period of 38 weeks.
The experiment was approved by the institutional Animal Care and Use Committee
of TNO and was in compliance with ARRIVE guidelines and European Community
specifications regarding the use of laboratory animals.

Analysis of metabolic dysfunction and osteoarthritis

Metabolic dysfunction was monitored at regular interval during the study period by
assessing body weight gain, changes in body composition (EchoMRI LLC, Houston,
TX, USA), fasted plasma total cholesterol, glucose and insulin levels. Fasted plasma
CRP levels were determined by sandwich ELISA (cat.no. DY1707, R&D Systems, USA).
Insulin resistance index (HOMA-IR) was calculated according to the equation proposed
by Matthews et al.*: HOMA-IR = (glucose (mmol/L) x insulin (mU/L)) / 22.5.
Articular cartilage degradation, osteophyte formation and synovitis were scored on
coronal spm kneejoint sections, stained with Haematoxylin, Fast Greenand Safranin-O,
according to OARSI histopathology initiative recommendations for the mouse>. For all
grades, we report the sum of the medial and lateral compartments as the total score.
Please see Supplemental Methods for more details.
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Lipid and oxylipin analyses in fasted plasma

Samples were stored at -80°C before analysis. General lipid profiles were determined at
time points t=0 weeks, t=4 days after HFD switch (peak in hCRP plasma levels) and t=38
weeks. Oxylipin profiling was performed at t=0, 14 and 38 weeks, due to deficient sample
volumesat the intermediate blood collection at t=4 days. Sample volumes of 5pl and 50pl
were aliquoted from each fasted plasma sample for general lipid/free fatty acids (FFA)
analysis and oxylipin analysis, respectively. Please refer to the Supplemental Methods
for a more detailed method description. The lipidomic datasets analysed during the
current study are also stored in a phenotype database repository and are available by
signing up via https://dashin.eu/interventionstudies/. After receiving credentials and
logging in, the study can be accessed via https://dashin.eu/interventionstudies/study/
show/39162914 or by searching the study code (hCRP_in_mouse) or study title (Human
C-reactive protein aggravates osteoarthritis development in mice on a high-fat diet).

Immunophenotyping of peripheral cell populations by flow cytometry
Peripheral myeloid and lymphoid populations were analysed by flow cytometry at three
different time points (t=2/11/37 weeks). Peripheral blood (5 drops/animal) was drawn
via tail incision using lithium heparin-coated Microvette tubes. Cell-surface staining
was performed with the myeloid and lymphoid antibody panels shown in Tables1and 2.
Pooled samples were used for unstained, single-stained and FMO controls to determine
background levels of staining. Data were acquired with a 3-laser FACSCanto™ II flow
cytometer (Becton Dickinson) (Table Sz2) and analysed using FlowJo vi0.2 (Treestar
Inc., USA). Cell populations of interest were gated according to the gating strategies
as depicted in Figures S3 and S4, to obtain their population frequencies. Baseline
population frequencies were determined in age-matched hCRP-tg (n=5) and wild-type
(n=4) males from later litters and were not included in the statistical analysis (shown
here in grey). Detailed descriptions are included in the Supplemental Methods.

Table 1. Antibody panel used for the analysis of peripheral myeloid subpopulations.

Marker Fluorochrome Dilution Clone Manufacturer Catalogue number
CCR2 FITC 1:100 475301 R&D Systems FAB5538F

MHCII PE 1:100 Ms/114.15.2  BD Biosciences 557000

CDuc PE/Cy7 1:100 N418 eBioscience 25-0114

GR1 PerCP/Cys.5 1:100 RB6-8C5 BD Biosciences 552093

CD86 APC 1:100 GL1 BD Biosciences 558703

F4/80 APC/Cy7 1:200 BM38 BioLegend 12318

CDub Horizon V450 1:100 Mi/70 BD Biosciences 560455

Abbreviations: FITC, fluorescein isothiocyanate; PE, phycoerythrin; Cy, cyanine; PerCP,

peridinin chlorophyll protein complex; APC, allophycocyanin.
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Table 2. Antibody panel used for the analysis of peripheral lymphoid subpopulations.

Marker Fluorochrome Dilution Clone Manufacturer Catalogue number
CD8a FITC 1:100 53-6.7 BD Biosciences 553031

CD4 PE 1:100 RM4-4 eBioscience 12-0043-83

CD62L PE/Cy7 1:100 MEL-14 eBioscience 25-0621-82

CD45 PerCP/Cys.5 1:100 30-Fu BD Biosciences 550994

CD25 APC 1:100 PCé615 eBioscience 17-0251-81

CD3e APC/Cy7 1:200 145-2C11 BD Biosciences 557596

CD19 Horizon V450 1:1000 1D3 BD Biosciences 560375

Abbreviations: FITC, fluorescein isothiocyanate; PE, phycoerythrin; Cy, cyanine; PerCP,
peridinin chlorophyll protein complex; APC, allophycocyanin.

Immunohistochemical evaluation of macrophage subsets in the knee

Knee joints from both groups were stained with chromogenic triple-labelling
immunohistochemistry (IHC) for M1 and M2 macrophage subsets, based on a
previously described method for human tissue®. Primary antibodies targeted murine
macrophages (F4/80, 1100, MF48000 (BM8), Invitrogen), M1 macrophages (iNOS,
1:400, ab136918 (K13-A), Abcam) and M2 macrophages (CD206, 1:100, AF2535, R&D
Systems). Quantification was performed in the lateral patellofemoral synovial lining
of the knee joint. Digital images of the unmixed colour spectra for each chromogen
in the region of interest (ROI) were obtained with a Nuance multispectral imaging
system (40x magnification). Macrophage subtypes were analysed using Image] 1.51n
image analysis software. Colocalization of two or the three markers was calculated from
the areal overlap between positivity for F4/80 and CD206 or iNOS or both. Data are
expressed as percentage positivity for a label or combination of labels within the ROI
or within the F4/80* macrophage population. Please see Supplemental Methods for
more details.

Statistical analysis

Statistical analysis was performed using Prism (v7.01, GraphPad Software, La Jolla, CA,
USA) and IBM SPSS software (v25.0, IBM SPSS Inc., Chicago, IL, USA). Please refer
to the statistical analysis section in the Supplemental Methods for a more detailed
description.
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Results

Increased cartilage degeneration and osteophytosis in hCRP-tg mice

To assess whether human CRP itself plays a role in the development of metabolic OA,
male hCRP-tg mice were compared with their wild-type male littermates on a HFD.
Chow controls were not included in our study, as previous work by our group® has
shown that hCRP-tg male mice on a HFD had significantly higher OA grades than mice
on chow.

Increases in body weight due to fat accumulation, plasma cholesterol and insulin
resistance index (HOMA-IR) reflect a state of metabolic dysfunction in both hCRP-tg
and wild-type mice (Figure S1). Expression of CRP was validated at the protein level
in fasted plasma from hCRP-tg males, whereas wild-type controls were negative. HFD
feeding induced changes at the CRP protein level as observed before®. Directly after
diet switch, HFD provoked a steep increase in CRP levels in hCRP-tg males followed by
a gradual decrease over the course of the study (Figure S2A).

Human CRP-tg males showed increased articular cartilage fibrillations and vertical
clefts with loss of surface lamina (Figure 1A,B). Cartilage erosion was only seen at the
lateral knee compartments and almost exclusively occurred in the hCRP-tg group. Total
OA scores demonstrated a significant difference between both groups, with a median
[interquartile range] of 4.25 [3.72-5.44] in wild-type vs. 6.00 [4.69-7.26] in hCRP-tg
males, p<0.01, d=0.818, 95%CI [0.06-0.57] (Figure 1B). This difference in severity
between groups was primarily visible at the lateral side of the knee joint with 2.38 [1.69-
3.10] in wild-type vs. 4.00 [2.82-5.00] in hCRP-tg, p<o.01, d=1.066, 95%CI [0.16-0.69].
Osteophyte formation was distinctly more present in hCRP-tg mice (3.00 [2.00-5.00])
compared with wild-type controls (2.00 [1.00-4.00]. Figure 1C), p=0.03, d=0.46, 95%CI
[-0.12-0.68]. Synovitis scores were comparable between both groups (Figure 1D), with
p=0.28, d=0.10, 95%CI [-0.32-0.44].

The relative individual induction of CRP levels at 4 days after diet switch did not
associate with the individual OA grades at end point (Figure S2B), unlike observed
before®. Individual OA grades reflecting cartilage degeneration did not associate to
the individual osteophyte and synovitis scores (Figure S2C,D). Changes in CRP levels
within the hCRP-tg group showed no association to osteophyte or synovitis scores
(data not shown).
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Figure 1 HFD feeding aggravates OA progression in hCRP-tg mice. A) Representative
coronal sections of the lateral and medial tibiofemoral compartments, stained with Fast-Green/
Safranin-O, from hCRP-tg and wild-type littermates fed a HFD. Chow controls were not included
in our study, but hCRP-tg males are known to not develop OA on a feeding regime of 38 weeks®.
Magnification for all microphotographs was 40x. B) Summed histopathological scores for the
tibiofemoral knee compartments of the hCRP-tg and wild-type groups. C) Total osteophyte
scores showing the individual summed score for the tibiofemoral knee compartments for each
animal per study group. D) Total synovitis scores showing the individual summed score for the
tibiofemoral knee compartments for each animal per study group. B-D) Scoring was performed
according to OARSI histopathology recommendations for the mouse®. Data are presented as

group medians (indicated by bars) with IQR (error bars).
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Lipid metabolism comparable between genotypes

Strong diet-induced effects were observed for nearly all measured lipids, showing
predominantly increased concentrations in plasma over time. Uni- and multivariate
statistical analyses revealed no differences in general lipid and oxylipin profiles
between hCRP-tg and wild-type males, neither per time point nor over time (data
not shown). Furthermore, none of the measured lipids correlated with OA severity
within the hCRP-tg group. Lysophosphatidylcholines (LPC) to phosphatidylcholines
(PC) ratio, as a general indicator of inflammatory status and possible predictor of
advanced knee OA in humans*, dropped shortly after HFD switch (hCRP-tg: from
0.83 [0.62-1.10] to 0.70 [0.38-0.80]; wild-type: from 0.86 [0.75-0.93] to 0.69 [0.57-0.83])
and remained constant afterward. Genotypes demonstrated no major differences in
individual PC or LPC levels, as represented by the PC/LPC pairs in Figure 2A. Similarly,
the switch to HFD was directly reflected in a decline of the sums of omega-6 as well
as omega-3 fatty acids (FFA) as a percentage of total FFA in both groups. However,
both groups showed significant increases in total omega-3 FFA at end-point, while
total omega-6 FFA levels remained constant (data not shown). This was reflected in
the omega-6/omega-3 FFA ratio, another lipid marker of general inflammatory state,
which decreased significantly over time with no differences between groups (data not
shown). Individual oxylipin changes were similar between genotypes. The arachidonic
acid (AA) metabolite 5,6-epoxyeicosatrienoic acid (5,6-EET) and its stable hydrolysis
product 5,6-dihydroxyeicosatrienoic acid (5,6-DHET) increased over time (Figure 2B).
Oxidized linoleic acid (LA) metabolites showed a decrease over time, as represented
by 13-hydroxyoctadecadienoic acid (13-HODE, Figure 2B). The DHA-metabolite
17-hydroxy docosahexaenoic acid (17-HDHA) increased over time (Figure 2B).

143




Chapter 5

A PC(36:1) LPC(18:0)
2.0 20.0
]
0 15 15.0
L
2 10 10.0
2 °
& 05 @ % Y 5.0 % 3
0.0 T r 0.0 . :
wild-type hCRP-tg wild-type hCRP-tg
PC(36:2) LPC(18:1)
10.0 4.0
o 80 20 3
2 60
2 20
in® g sH: &%
[}
% 20 10
0.0 : : 0.0 : :
wild-type hCRP-tg wild-type hCRP-tg
| = t=ow t=4d =m t=38w |
B 5,6-EET 5,6-DHET
= 250 20.0
E
°
g 20 15.0
e
= 150 %
28 10.0 o
s 100
t
g 50 @ 5.0
c Olo
s L&
o 0 - - 0.0 r r
wild-type hCRP-tg wild-type hCRP-tg
13-HODE 17-HDHA
= 2700 5500
£
3 18001 T 50001 T
§E oo o 2000
T 600
o 1500 . .
T 400 o
£ 1000 )i . %o
3 200 @ o b o'
: & & Mook BB
o 0 2 X

wild-type hCRP-tg wild-type hCRP-tg

| = t=ow t=14w B t=38w |

Figure 2 Transgenic and wild-type hCRP males show similar plasma lipid profiles on
a HFD. A) Representative PC/LPC pairs show increases in fasted plasma levels in both study
groups during the HFD regimen. B) Representative oxylipins from the three most important
oxylipin substrates (i.e. AA, LA and DHA) demonstrate distinct concentration changes in
fasted plasma during the HFD regimen. Boxplots show boxes extending from the 25th to 75th
percentiles containing the median (middle line), with error bars down to the minimum and up
to the maximum value. The individual value for each animal is plotted as a dot superimposed on
the graph. IS, internal standard; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; EET,
epoxyeicosatrienoic acid; DHET, dihydroxyeicosatrienoic acid; HODE, hydroxyoctadecadienoic
acid; HDHA, hydroxy docosahexaenoic acid; AA, arachidonic acid; LA, linoleic acid; DHA,
docosahexaenoic acid.
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Increased monocyte activation in hCRP-tg mice on a HFD

Peripheral myeloid and lymphoid populations were analysed by flow cytometry at
three different time points (t = 2, 11 and 37 weeks) to evaluate the direct and prolonged
systemic effects of HFD feeding on immune status (Figures S3 and S4). Baseline
population frequencies were determined in age-matched hCRP-tg (n=5) and wild-type
(n=4) males from later litters and were not included in the statistical analysis (shown
in Figure 3A in grey).

HFD feeding induced similar immune reactivity within lymphocyte populations of
hCRP-tg and wild-type males (data not shown), but triggered distinct changes in the
circulating monocyte populations of these groups. Firstly, HFD feeding nearly doubled
the total percentage of circulating CDuib* monocytes in both groups (30.43+5.26 at week
2 vs. 53.85+10.35 at week 37, Figure 3A). Secondly, the hCRP-tg mice showed significant
upregulation of activated non-classical GR-1°* monocytes expressing both the integrin
CDucand chemokine receptor CCR2 after two weeks of HFD feeding (Figure 3B, p=0.02,
d=0.82, 95%CI [0.70-6.33]). Co-expression of the lymphocyte activation antigen CD86
on GR-1lowCCR2+ monocytes was elevated upon long-term HFD feeding, with hCRP-
tg males showing a significantly increased co-expression compared with wild-type
controls (Figure 3C (p=0.02, d=0.79, 95%ClI [0.73-8.07]) and Figure 3D (p=0.02, d=0.82,
95%CI [0.79-7.39])). Correspondingly, percentages of GR-1°* monocytes without CCR2
expression were significantly decreased in hCRP-tg males compared with wild-types at
2 weeks (data not shown). Over time, hCRP-tg mice showed an increase in activated
classical GR-1"8"CCR2*CD86* monocytes compared with wild-type controls (Figure 3E,
P=0.04, d=0.71, 95%CI [0.06-1.64]).

To evaluate the association between genotype and OA development on the changes in
circulating immune cell populations, linear mixed modelling was used (Figure Ss). In
hCRP-tg mice the percentages of CDub* leukocytes were associated with lateral OA
severity, while in wild-type littermates this correlation was inversed. Correspondingly,
CDub- cell populations significantly decreased with increasing lateral OA severity in
hCRP-tg mice and vice versa for wild-type controls. The hCRP-tg genotype was also
significantly associated with higher percentages of both classical CDub*GR-1"" and
non-classical CDub*GR-1°" monocytes with increasing lateral OA severity. Wild-type
controls showed an inverse relationship between these monocyte subsets and lateral
OA severity.

145




Chapter 5

A Distribution peripheral CD11b+ cells B GR-1"°YCCR2*CD11c¢*
40
=] Eosinophils *
100 B GR-1"9" monocytes
—_ [
(J
s 3 GR-1'°" monocytes 30 L
>0 80- Neutrophils
g E 1]
8. 60
S+ 20
T o
e 2
LA 401
[&]
% 10
20 %
j §
0- 4 “ 0 T &r‘ T
0 2 11 37 0 2 11 37 t=2w t=11w  t=37w
wild-type hCRP-tg
C GR-1'"%CCR2*CD86" D GR-1'""CCR2*CD86" E GR-1"9"CCR2*CD86*
60 10+ 8-
% *
*
- ol — I
~ 454 e . 61 .
=
ke ¢
33 & .
c0 304 ° 4 O e
Sk o °
o ;e 44 ° [}
| i =y .
[a] 00 o0 o
O 151 o o N % 2 P
gy 9 3 Ly b
0]
e
0 T T T O‘Mré—li 0-
t=2w t=11w  t=37w t=2w t=11w  t=37w t=2w t=11w  t=37Tw

[ o wild-type e hCRP-g |

Figure 3 Increased activation of classical and non-classical monocytes in
hCRP-tg mice. A) Distribution of peripheral CDub+ immune cells shows HFD-mediated
monocytosis in both groups over time. Baseline population frequencies were determined in age-
matched hCRP-tg (n=5) and wild-type (n=4) males from later litters and were not included in the
statistical analysis (shown here in grey). B) GR-1low non-classical monocytes showed an increase
in CCR2 and CDic expression upon 2 weeks of HFD feeding, which was significantly elevated in
hCRP-tg compared with wild-type mice. C-D) GR-1"* non-classical monocytes expressing CCR2
upregulated the lymphocyte activation antigen CD86 after long-term HFD feeding (37 weeks),
with hCRP-tg males showing higher co-expression of these activation markers compared with
wild-type controls. E) GR-1"¢" classical monocytes co-expressing CCR2 and CD86 increase over
time and were significantly more present in hCRP-tg compared with wild-type males at t=37
weeks. Data are presented as group means (indicated by bars) with SD (error bars). *p<0.05
compared with wild-type controls.
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Human CRP has no effect on synovial macrophage accumulation and
phenotype shift

As systemic CRP levels have been found to reflect local joint inflammation in patients
with advanced OA™, knee joints were evaluated for the local presence of M1 and M2
macrophage subsets in the synovial lining layer. Macrophages were detected by the
pan-macrophage marker F4/80 and subsets were discriminated by colocalization of
inducible nitric oxide synthase (iNOS) for M1 macrophages and the mannose receptor
(CD206) for M2 macrophages.

Overall, both upon microscopical evaluation and image analysis, there were no
significant differences found for synovial macrophage populations between genotypes
(Fig 4A). Univariate testing hinted towards increased CD206 positivity and CD206/
iNOS colocalization in knee joints from hCRP-tg males (p=0.122 and p=0.183
respectively, MWU-test; Fig 4B).
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Figure 4 Human CRP has no effect on synovial macrophage accumulation and subsets.
A) Representative unmixed spectral images of the lateral patellofemoral synovial lining (ROT)
showing pan-macrophage marker F4/80 (green), M1 subset marker iNOS (blue) and M2 subset
marker CD206 (magenta) positivity. Magnification for the top microphotographs was 4o0x. B)
Percentage of the surface area within the ROI or within the F4/80" cell fraction for hCRP-tg and
wild-type mice, showing no CRP-induced shift in macrophage numbers and phenotypes. Data
are presented as group medians (indicated by bars) with IQR (error bars).
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Discussion

High CRP levels found in metabolic syndrome patients have been suggested to actively
contribute to inflammatory morbidities and related increased cardiovascular and
diabetic risks®. In the current study we demonstrate that hCRP-tg mice developed
more severe OA compared with their wild-type controls under the same HFD
regime. Although obesity-related low-grade systemic inflammation is recognized as
a contributing factor in metabolic OA pathogenesis, associations between CRP levels
and OA features rendered contradictory results between cohort studies. Here we show
that hCRP-tg mice exhibit increased cartilage degradation and osteophytosis, but not
increased synovitis. The latter is generally seen as a typical inflammatory component of
OA, which may partly underlie the conflicting findings in the different cohort studies.
Our study, in which the expression of CRP was the only variable, implicates CRP as an
independent trigger to aggravate HFD-induced OA development.

The positive association between metabolic syndrome and CRP levels in humans26
and the exacerbation of metabolic disorders in hCRP-tg mice®*72® suggest CRP is more
than merely an inflammation marker in metabolic disorders. In hCRP-tg mice, as in
humans, the CRP protein is synthesized by hepatocytes only and is regulated at the
transcriptional level®. Confirming previous observations®, HFD feeding evoked a direct
and prolonged rise in plasma CRP levels in hCRP-tg males from our study, indicative of
a systemic inflammatory status. Possibly, CRP induces cascades that are not raised in
wild-type C57BL/6] mice or amplifies the activation of inflammatory pathways that are
not triggered by HFD alone.

Whileawidely used clinical marker of general inflammation, the physiological functions
of human CRP remain to be fully elucidated and can be pro- or anti-inflammatory
depending on the situation. One major route of action is the involvement of CRP in
innate immunity through the opsonisation of pathogens or dying cells and subsequent
activation and modulation of complement via binding to Cig*. Even though no added
effect to synovitis severity was observed, an increased inflammatory pathway because of
CRP signalling still seems likely as osteophyte formation is linked to inflammation3 3.
It is well possible that CRP is driving a specific inflammatory pathway that is associated
with osteophyte development. Angiogenesis at the osteochondral junction could be
such a process, which has been demonstrated to lead to endochondral ossification and
the formation of osteophytes®. Human CRP has been shown to upregulate vascular
growth factor (VEGF) expression*, a driver of neovascularization which is expressed
by hypertrophic chondrocytes and synovial macrophages, and VEGF inhibition is
suggested as a treatment strategy for OA%. Involvement of synovial macrophages is not
supported by our results, but perhaps hypertrophic chondrocytes can play a role under
the experimental conditions applied.
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Inflammation is closely linked to lipid metabolism, a conjunction particularly
noticeable in metabolic diseases. As obesity and metabolic syndrome are important
risk factors for OA and induce elevated CRP levels in patients, we postulated that obese
hCRP-tg males might demonstrate a more proinflammatory lipid profile compared to
their controls. Indeed, HFD-induced effects were evident for nearly all lipids measured
and indicated low-grade systemic inflammation. However, these changes were not
significantly different between genotypes nor correlated to any of the observed OA
features. It is possible that the added effect of CRP at the individual lipid level was
overshadowed by the profuse systemic influence of the HFD itself.

Alternatively, it is arguable that CRP could have affected OA development locally. This
is supported by de Visser et al. in a rat model of metabolic OA, where local changes
in synovial fluid oxylipin concentrations were not equally translated into systemic
changes for the same oxylipins measured in plasma*. A route through which CRP could
be involved in lipid-driven local cartilage changes is via OA-induced upregulation and
activation of phospholipase A2 (PLA2) enzymes by chondrocytes. PLA2 enzymes are
able to dissociate pentameric CRP to its pathogenic monomeric (m)CRP subunits?.
Increased PLA2 activity has been demonstrated in the synovial fluid of OA patients
and animal models of OA®+4. Devoid of synovial fluid samples, we attempted to
explore PLA2 activity in our lipidomic data from fasted plasma samples. Unfortunately,
systemic lipid concentrations rendered some conflicting results concerning PLA2
activity. As PLA2 enzymes mainly convert PC to LPC, the decrease in systemic LPC/PC
ratio in our HFD-fed mice suggests a lower activation of PLA2. Hydrolysis of PC to LPC
by PLA2 enzymes produces a free fatty acid, which is frequently the omega-6 fatty acid
arachidonic acid (ARA)*. In this respect, the observed increase in omega-6/omega-3
FFA ratio substantiates decreasing PLA2 activity. However, the increases in ARA and its
metabolites point to an increased activation of PLA2. Combined enzymatic activities
of PLA2 enzymes and cyclooxygenase (COX)-2 generate prostaglandins from ARA and
members of this pathway have been implicated in OA pathogenesis+#. Although sample
volumes were insufficient to measure prostaglandin E2 (PGE2) levels, we did observe
an increase in prostaglandin PGD2 concentration over time - further corroborating
increased PLA2 activity. Clearly, the in vivo effects of the lipid metabolism on the
inflammatory milieu is complex and circulating lipids do not provide the best read-out
in our current model.

The physiological role of CRP may be just as complex, with its multiple active isoforms
and manifold physiological functions in various biological systems. Even though CRP
predates the adaptive immune system by millions of years, it was found to bridge innate
with adaptive immunity by binding to Fcy receptors on immune cells like monocytes#.
Both hCRP-tg and wild-type mice showed expansion of the systemic monocyte fraction
upon HFD feeding, consistent with previous findings*. However, we found that hCRP-tg
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monocytes expressed more activation markers like CD11c, CCR2 and CD?. The integrin
CDucwas predominantly expressed by activated CD1uib*GR-1"*CCR2* monocytes, which
are known to upregulate CD1ic as an adhesive ligand during monocyte recruitment
in shear flow®. This suggests that non-classical, patrolling GR-1°" monocytes were
more actively recruited to the tissues of hCRP-tg mice compared with wild-type
controls. In addition, hCRP-tg mice showed an increase in activated CDub*GR-
1"8hCCR2*CD86* classical monocytes, indicative of an enhanced inflammatory state.
This latter observation might be linked to metabolic OA development, as the increased
percentages of CDub* immune cells and monocyte subsets in the hCRP-tg genotype
were positively associated with increasing lateral OA severity. Wild-type controls
showed inverse associations, strengthening the involvement of CRP in the activation of
these immune populations.

The systemic activation of myeloid cells was not reflected in the knee joint, where
synovial macrophage subsets were comparable between hCRP-tg and wild-type
littermates. This is consistent with the similar synovitis scores found in both groups. Our
findings add to recent reports on HFD-induced OA in mice on a C57BL/6] background,
where macrophage depletion aggravated cartilage degeneration following injury+
and resident adipose tissue macrophages retained their M2-like phenotype in the
infrapatellar fat pad#®. Together, these findings emphasize the persistence and therefore
the importance of local macrophage populations in regulating homeostasis in the
osteoarthritic knee joint. The combination of monocyte recruitment and unchanged
resident macrophage populations in our study show similarities to observations in a
mouse model of inflammatory arthritis*. Here, tissue-resident synovial macrophages
showed no changes in phenotype or number and expressed markers of M2 polarization
over the course of arthritis. However, the authors showed that non-classical monocytes
recruited from circulation orchestrated the initiation and resolution of joint
inflammation by differentiating into M1 and M2 macrophages respectively. Perhaps
the hint towards an overall increase in CD206 expression in the synovium indicates
monocyte presence, as activated monocytes are able to upregulate CD206 expression.
This monocytic plasticity and the role of human CRP herein warrants further research
in the context of metabolic OA.

Although the functional involvement of CRP in OA pathogenesis remains uncertain, our
study shed some light on the biological processes involved. This uncertainty is inherent
to the gain-of-function model we employed, as overexpression phenotypes often fail to
faithfully reflect the physiological function(s) of a proteins'. A loss-of-function model
would have provided more straightforward interpretable results. However, unlike
human CRP, mouse CRP is a minor acute-phase reactant and is synthesized in only
trace amounts’ 3. Human CRP, when transferred into mice, behaves as it does in man:
its expression is highly inducible and tissue-specific*. We believe that this significant
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difference in the transcriptional control of CRP synthesis in humans and mice justifies
the use of our model for studying human CRP. Still, extrapolation from mouse to man
requires caution. Validation of our findings on peripheral monocyte subsets in obese
OA patients with high and low CRP levels is required to confirm the role CRP in OA
pathogenesis. An additional potential limitation of our study is that chow controls
were not included in our study, as we focused on CRP involvement in OA and previous
work by our group has shown that HFD feeding in hCRP-tg males led to severe OA
development compared with chow-fed hCRP-tg males®.

The present study implicates CRP as an independent trigger for the aggravation of
metabolic OA by increasing cartilage degeneration and osteophytosis. Increased
recruitment of classical and non-classical monocytes might be a mechanism of
action through which CRP is involved in aggravating this process. Based on our data,
involvement of CRP in lipid metabolism and synovial macrophage activation seems
unlikely. Although the mechanism of action for CRP involvement in OA is not yet
resolved, it is clear that we are selling CRP short when solely considering it a general
systemic inflammation markerin metabolic OA. Our findings suggest that interventions
selectively directed against CRP activity could ameliorate metabolic OA development.
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Supplemental Materials and methods

Experimental animals and housing

The experiment was carried out in male human CRP-transgenic (hCRP-tg, n=30) and
male wild-type littermates (n=15) on a C57BL/6] background. Males were chosen over
females because hCRP-tg males express higher levels of CRP and are more prone to
develop metabolic OA'2. Group sizes were determined based on variance obtained
from historical data, in which the power analysis for lipid profiling was leading. In turn,
estimated effect size and variation of these data will be used to estimate the required
sample size for future studies. Mice were obtained from the in-house breeding colony
(TNO Metabolic Health Research, Leiden, The Netherlands) at our specific pathogen-
free (SPF) animal facility. The hCRP-tg mice carry the hCRP transgene engineered
in the laboratory of Dr. Ulrich Rither? and were repeatedly backcrossed to become
Cs57BL/6] congenic. The transgene is a 31-kb fragment of human DNA containing the
CRP gene, with the CRP promoter and all the known CRP regulatory elements at the
5 flanking region and a CRP pseudogene at the 3’ flanking region*. Genotyping was
performed by polymerase chain reaction using genomic DNA from ear punches. Age
at the start of the study was 12 weeks. Mice were housed in open polycarbonate cages
(Type II L) with 2-3 animals/cage. Cages were set up in temperature-controlled (21
+ 0.5°C) and humidity-controlled (45 + 2%) rooms, with 15 air changes/hour under
filtered positive pressure ventilation. Mice were maintained under standard conditions
with a 12 h light-dark cycle (beginning at 07:00 UTC+1) and monitored twice a day.
The experiment was approved by the institutional Animal Care and Use Committee
of TNO and was in compliance with ARRIVE guidelines and European Community
specifications regarding the use of laboratory animals.

Experimental design

Metabolic OA was induced by switching the diet of the mice from standard chow to a
high-fat diet (HFD, 45 kcal% from fat; cat# D12451, Research Diets Inc., New Brunswick,
USA) at 12 weeks of age. Both groups received the HFD for a consecutive period of 38
weeks. During the study period, the diets were stored frozen (-20°C) and refreshed
weekly. Mice had access to autoclaved water and food ad libitum. One hCRP-tg mouse
died after 34 weeks in the study and was excluded from data analysis.

Assessment of metabolic dysfunction

To monitor metabolic dysfunction, body weights (every other week) and changes in
body composition (t = 0/6/15/25/37 weeks) by EchoMRI LLC (Houston, TX, USA) were
determined during the entire study period. At regular intervals (t = 0/6/14/22/30/38
weeks) EDTA plasma samples were collected by tail vein incision after a 4-5 hour
fasting period. Total cholesterol was determined by enzymatic assay (No. 11491458216,
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Roche Diagnostics Nederland BV, The Netherlands) directly upon plasma collection
according to manufacturer’s instructions. Residual plasma was stored at -8o°C.
Fasted plasma CRP, glucose and insulin levels were measured for all time points at
once. CRP levels were determined by sandwich ELISA (cat.no. DY1707, R&D Systems,
USA). Glucose levels were determined by the hexokinase method using commercial
reagents (cat.no. 2319 and 2942, InstruChemie, The Netherlands; cat.no. G6918, Sigma-
Aldrich, The Netherlands). Insulin levels were determined using an ELISA for mouse
insulin (cat.no. 10-113-01, Mercodia, Sweden). Insulin resistance index (HOMA-IR)
was calculated according to the equation proposed by Matthews et al.5: HOMA-IR =
(glucose (mmol/L) x insulin (mU/L)) / 22.5.

Histopathology of the knee

Knee joints were harvested, fixed in a 10% formalin neutral buffered solution (Sigma-
Aldrich, The Netherlands) for 24 hours, decalcified in Kristensen’s solution, dehydrated
and embedded in paraffin. Serial coronal 5 um sections were collected throughout
the joint at 60 um intervals and stained with Weigert’s Hematoxylin, Fast Green and
Safranin-O. Two representative sections from the midcoronal region of each knee joint
were evaluated for OA severity, using the OARSI histopathology initiative scoring
system for the mouse6. Grading was performed by two independent observers who were
blinded for group assignment. The joint was scored at 6 locations: femoral condyles and
tibial plateaus at the lateral and medial sides, trochlear groove and the patella (score
0-6 per compartment). Due to incomplete patellar scores for some mice, we report the
sum of the medial and lateral scores as the total tibiofemoral cartilage degeneration
score (maximum total score 24). Osteophyte formation and synovitis were scored
separately on the same sections according to the 0-3 scoring paradigm recommended
by the OARSI histopathology initiative6: o is normal, 1 = mild, 2 = moderate and 3
= severe changes. We report the sum of the medial and lateral compartments as the
total score (maximum total score 12). One wild-type mouse was not scored for any OA
feature due to technical difficulties and was excluded from any analysis concerning OA
scores.

Lipid and oxylipin analyses in fasted plasma

Samples were stored at -80°C before analysis. General lipid profiles were determined
at time points t=0 weeks, t=4 days after HFD switch (peak in hCRP plasma levels) and
t=38 weeks. Oxylipin profiling was performed at t=0, 14 and 38 weeks, due to deficient
sample volumes at the intermediate blood collection at t=4 days.

Five pl of fasted plasma was extracted with isopropanol containing several internal
standards (IS) (C17:0 lysophosphatidylcholine, di-Ci2:0 phosphatidylcholine, tri-C17:0
glycerol ester, C17:0 cholesterol ester, C17:0 ceramide d31-C16:0 fatty acid and d33-C17:0
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fatty acid). The extract was split into two parts, one part was derivatised for analysis
of free fatty acids and polar lipids, the second part was processed further without
derivatisation for the analysis of neutral lipids (TG, ChE, ...). FFA (after derivatization)
and polar lipids were separated on a Waters Aquity BEH C8 column [150 x 2.1 mm, 1.7 pm,
temperature (T) = 50°C] using a mobile phase gradient from 98% mobile phase A [0.1%
formic acid in water] to 100% mobile phase B (0.1% formic acid in acetonitrile:IPA 6:4)
in 25,5 min with a flow of 0.5 ml/min. Mass detection was carried out using electrospray
ionization in the positive mode (heater capillary temperature 300°C, spray voltage 4 kV,
scan range m/z 202-1000). Injection volume was 2 pl. Neutral lipids were separated on a
Waters Aquity BEH phenyl column (100 x 2.1 mm, 1.7 pum; T = 60°C) using a mobile phase
gradient from 40% mobile phase A [5% methanol in 0.1% formic acid, 10 mM NH4Ac]
to 100% mobile phase B (100% methanol containing 0.1% formic acid , 2 mM NH4Ac)
in 13 min with a flow of 0.4 ml/min. Mass detection was carried out using atmospheric
pressure chemical ionization in the positive mode (heater capillary temperature 150°C,
vaporizer temperature 260°C, spray current 6pA, scan range m/z 300-1,200). Injection
volume was 3 pl. All measurements were performed in randomized order and a quality
control (QC) sample (NIST human plasma reference sample) was measured between
every 10 samples during the analysis procedure for performance control. Identification
was based on (relative) retention times and accurate mass of the lipids. More than
200 individual lipids were reported. Concentrations of complex lipids were determined
relative to internal standards of the respective compound classes, i.e., for LPC, PC, TG,
Cer, and ChE. Exceptions were made for DG, which were reported relative to C17:0 Cer,
and for SPM, which were reported relative to Ci17:0 LPC. Analysis of the fatty acids
extracts was performed according to the method described by Pettinella et al.7, which
involves derivatization of fatty acids with quaternary ammonium, allowing an analysis
of fatty acid derivatives in the positive mode and the discrimination of n-3 and n-6
fatty acids. Lysophosphatidylcholines (LPC) to phosphatidylcholines (PC) ratio was
calculated by dividing the sum of all measured LPC by the sum of all measured PC. Due
to deficient sample volumes not permitting a separate measurement of total fatty acid
composition, the omega-6/omega-3 FFA ratio was approximated based on the non-
esterified fatty acids that were measured.

For oxylipin analysis, sample volumes of 50 pl were aliquoted from each fasted plasma
sample. Internal standards (10pl of PGF2a-EA-d4 (2.49puM), 10pl of AA-d8 (1pM), 10pl of
PGD2-d4 (1uM), 10pl of 15-HETE-d8 (7.6uM) were added to each sample or blank sample
(MilliQ water), along with 2pl of formic acid (98% v/v) and spl butylhydroxytoluene.
Sample preparation and analysis was performed based on the method described by
Wong et al.8. In summary, lipids were extracted by SPE, separated using HPLC and
detected using mass spectrometry in multiple reaction monitoring mode. Pooled QC
samples (human plasma) were interspaced approximately after every 14 study samples
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to monitor the method performance. A total of 23 oxylipins were quantified, using
appropriate standards. Concentrations were calculated using fully extracted calibration
standards for each of the analytes.

Immunophenotyping of peripheral cell populations

Peripheral myeloid and lymphoid populations were analysed by flow cytometry at
three different time points (t=2/11/37 weeks). Baseline values were determined in age-
matched hCRP-tg (n=5) and wild-type (n=4) males from later litters. As such, these
measurements were excluded from statistical analysis.

Peripheral blood (5 drops/animal) was drawn via tail incision using lithium heparin-
coated Microvette tubes. Following erythrocyte lysis, cellswere washed and resuspended
in staining buffer (phosphate buffered saline solution with 2%newborn calf serum, PBS-
NBCS). Cells were then divided into two samples and transferred to V-bottom g6-wells
plates, washed and blocked with sopl normal mouse serum for 15 minutes at room
temperature. Cell-surface staining was performed with the myeloid and lymphoid
antibody panels shown in Tables 1 and 2. Anti-CD16/CD32 monoclonal antibody (clone
2.4G2, dilution 1:50, cat#553141, BD Biosciences, USA) was added to the antibody mix
to reduce non-specific antibody binding. Staining incubation was performed in PBS-
NBCS for 30 minutes at 4°C. Pooled samples were used for unstained, single-stained
and FMO controls. Data acquisition was performed with a 3-laser FACSCanto™ II flow
cytometer using the FACSDiva Software (Becton Dickinson) (Supplemental Table S1).
Cytometer Setup and Tracking beads and CompBeads antibody-capturing particles
(both BD Biosciences) were used to standardize instrument and compensation settings,
respectively. Flow cytometry data were analysed using FlowJo vio.2 (Treestar Inc.,
USA). Cell clumps were gated out on a pulse geometry gate (FSC-HxFSC-A). Debris
sized <25K were excluded on low angle (forward scatter, FSC) vs. 9o? angle (side scatter,
SSC; “live” gate). Cell populations of interest were subsequently gated according to
the gating strategies as depicted in Supplemental Figures S2 and S3, to obtain their
population frequencies.

Immunohistochemical evaluation of synovial macrophages

Knee joints from both groups were stained with chromogenic triple-labelling
immunohistochemistry (IHC) for M1 and M2 macrophage subsets, based on a
previously described method for human tissueg. Primary antibodies targeted murine
macrophages (F4/80, 1100, MF48000 (BM8), Invitrogen), M1 macrophages (iNOS,
1:400, ab136918 (K13-A), Abcam) and M2 macrophages (CD206, 1:100, AF2535, R&D
Systems). The first section of each slide served as a negative control to which no
primary antibodies were applied. Slides were deparaffinized with xylene for 5 min and
rehydrated through graded alcohols to DI water. Heat-induced antigen retrieval was
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performed in the Dako PT Link System using the low pH Target Retrieval Solution (pH
6.0, Dako, CA, USA). After washing, primary antibodies against F4/80 and iNOS were
added for overnight incubation at 4°C. Slides were washed the next day, blocked in
0.3% H202 for 15 min at RT, and incubated with appropriate AP- and HRP-conjugated
secondary antibodies (RALPs525 L, Biocare Medical; abg7057, Abcam). Positive
reactions were visualized with Ferangi Blue (FB813H, Biocare Medical) for iNOS and
StayYellow (ab169561, Abcam) for F4/80. To inactivate preceding labels, slides were
incubated with antibody elution buffer (100 mM glycine/NaOH, pH 10.0) for 1 hour
at 50°C. Following a washing step, primary antibody against CD206 was added for a
2-hour incubation at 37°C. Slides were washed and incubated with an appropriate AP-
conjugated secondary antibody (ab6886, Abcam), which was visualized with Liquid
Fast Red (TA-125-AL, ThermoScientific). Slides were dried in the oven for 1 hour at
37°C and coverslipped with EcoMount (Biocare Medical) for microscopic examination.
All intermediate washing steps were done in PBS, except for the visualization steps
for which TBS was used. Except for the first secondary antibody step, antibodies were
diluted in PBS with 1% BSA (Sigma-Aldrich).

Quantification was performed in the lateral patellofemoral synovial lining of the knee
joint, here referred to as the region of interest (ROI). Digital images of the unmixed
colourspectra foreach chromogen in the ROl were obtained with a Nuance multispectral
imaging system (40x magnification). Macrophage subtypes were analysed using
Image] 1.51n image analysis software. After selection of the ROI by hand, positivity of
each label was measured as a percentage of the ROI surface area. Positivity for CD206
and iNOS was also evaluated within the F4/80* cell fraction using the same method.
Colocalization of two or three markers was calculated from the areal overlap between
positivity for F4/80 and CD206 or iNOS or both. Data are expressed as the surface area
percentage of a label or combination of labels within the ROI or within the F4/80*
macrophage population.

Statistical analysis

Assumptions of normality were tested with the Shapiro-Wilk’s W test and checked
graphically based on the residuals. Levene’s test was used to assess homogeneity of
variances. Data analysed using parametric t-testing are presented as mean + standard
deviation (SD). Data analysed using non-parametric tests are presented by the median
with interquartile range (range between the 25th to 75th percentiles). Effect sizes (d)
were calculated using Hedges g and reported with corresponding 95% confidence
intervals (CI). Results were evaluated by including and excluding outliers (defined as
more than two SD from the mean). As inclusion of the outliers did not change statistical
differences between groups, all outliers were included. Non-parametric Mann-Whitney
U-test was used for comparison of metabolic parameters, lipid concentrations per
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time point and (immuno)histopathological scores between groups. Non-parametric
Spearman rank correlation was used to test for associations. Differences in lipid profiles
were analysed by a multivariate approach: PCA was used to examine for any clustering
trends, followed by supervised PLS-DA analysis to better examine differences in the
underlying lipidomic profiles of both groups.

Prevalences of the various cell populations were expressed as percentage of a reference
population. In many instances, the range in these percentages was such that an
assumption of a constant absolute standard deviation was not warranted. For this
reason, all data were log-transformed prior to analysis. This transformation turns data
with constant relative standard deviation into data with a constant absolute standard
deviation, thereby permitting the application of well-known statistical methods such
as linear mixed models. The log-transformed data was analysed using a sequence of
mixed models with mouse as a random factor, week as a within-subject factor and OA
scores as well as genotype [diet] as between-subject factors or variables. The models
used were: 1) a model including the main effects of genotype, week and the OA scores
and the interaction effects between genotype and week (1 interaction term), genotype
and OA scores (4 interaction terms) and week and OA scores (4 interaction terms),
2) a model including the main effects of genotype, week and the OA scores and the
interaction effect between genotype and week, 3) a model including the main effects
of genotype and week and the interaction effect between genotype and week. The first
model was used to assess p-values for the interaction effects between genotype and OA
scores and week and OA scores, the second model was used to assess the p-values of
OA scores under the assumption that there are no interaction terms involving these
scores. Finally, the third model was used to assess the p-values for genotype, week and
the genotype by week interaction. For parameters with statistically significant effects
involving genotype or OA scores (p < 0.01), a backward elimination procedure was
applied so that the final models for the respective parameters only include statistically
significant effects. Interpretation and quantification of the statistically significant
effects are based on these models. In all other analyses, a p-value <0.05 was considered
statistically significant.
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Supplemental Figures
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Figure S1. Increases in body weight due to fat accumulation, cholesterol and insulin
resistance index (HOMA-IR) reflect a state of metabolic dysfunction in both hCRP-tg and
wild-type mice. A) Body weights of both groups during the study period. Grey line represents
body weight gain (median + IQR) for chow-fed hCRP-tg mice over 38 weeks, as determined in a
previously published study8. B) Body composition represented by lean mass (filled bars) and fat
mass (striped bars) at various time points. C) Total fasting cholesterol levels (mmol/L) during
the course of the study. D) Elevated HOMA-IR due to prolonged HFD-induced increases in
fasting insulin and glucose levels. Data are presented as group medians (indicated by symbols or
bars) with IQR (error bars).
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Figure S2. Human CRP levels and associations with end point OA grades. A) Human CRP
levels in hCRP-tg and wild-type males during the course of the study. Values presented are the
median + IQR. B) Relative individual induction of human CRP plasma levels after 4 days on HFD
show no association with total OA scores at end point. Total OA scores do not associate with
osteophyte (C) and synovitis (D) scores at end point either.
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Figure S3. Gating strategy used to detect peripheral myeloid populations. Cell clumps were
gated out on a pulse geometry gate (FSC-HxFSC-A; Singlets) and cells were subsequently gated
according to size and scatter to eliminate dead cells and debris from analysis (SSC-AxFSC-A;
“Live” gate). CDub+ myeloid cells were defined and divided into 4 major subpopulations based
on their size and expression of GR-1: I. Eosinophils, II. Neutrophils, III. GR-1+ monocytes and
IV. GR-1-low monocytes. Subpopulations were subsequently assessed for their expression of
activation markers.
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Figure S4. Gating strategy used to detect peripheral lymphoid populations. Cell clumps
were gated out on a pulse geometry gate (FSC-HxFSC-A; Singlets) and cells were subsequently
gated according to size and scatter to eliminate dead cells and debris from analysis (SSC-
AxFSC-A; “Live” gate). CD45+ leukocytes were defined and divided into 3 major subpopulations
based on their size: I. Granulocytes, II. Monocytes, III. Lymphocytes. T and B cells from the
lymphocyte population were discriminated based on their surface expression of CD3e and CD1g,
respectively. T cells were further characterized by their surface expression of CD4 and CD8a. All
subpopulations were assessed for their expression of activation markers CD62L and CDz2s5.
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Figure S5. Correlations between genotype and OA development on the changes in
circulating immune cell populations. A) Percentages of CDub* leukocytes were associated
with lateral OA severity in hCRP-tg males, while in wild-type littermates this correlation was
inversed. B) CDub- cell populations significantly decreased with increasing lateral OA severity in
hCRP-tg mice and vice versa for wild-type controls. The hCRP-tg genotype was also significantly
associated with higher percentages of both classical CDub*GR-1" (C) and non-classical
CDub*GR-1*° (D) monocytes with increasing lateral OA severity. Wild-type controls showed an
inverse relationship between these monocyte subsets and lateral OA severity.
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Supplemental Tables

Table S1. List of the analysed free fatty acids.

Chain Compound

Ci2:0 Lauric acid

Ci4:0 Myristic acid

Ci4a Myristoleic acid

C16:0 Palmitic acid

C16:1 (cis-)9-palmitoleic acid
C16:2 Hexadecadienoic acid
C18:0 Stearic acid

C181 Oleic acid

C18:2(w-6) Linoleic acid
C18:3(w-3) o-Linolenic acid
C18:3(w-6) y-Linolenic acid

C20:0 Arachidic acid

C2021 Gondoic acid

C20:2 11,14-eicosadienoic acid

C20:3(w-3+6)
C20:3(w-9)
C20:4(w-6)
C20:5
C22:0

C221

C22:2

C22:3
C22:4(w-6)
C22:5(w-3)
C22:5(w-6)
C22:6(w-3)
C24:0

11,14,17-eicosatrienoic acid

Mead acid

Arachidonic acid
5,8,11,14,17-eicosapentaenoic acid
Behenic acid

(cis-)erucic acid
13,16-docosadienoic acid
13,16,19-docosatrienoic acid
72.,10Z,13Z,16Z-docosatetraenoic acid
7,10,13,16,19-docosapentaenoic acid
4,7,10,13,16-docosapentaenoic acid
4,7,10,13,16,19-docosahexaenoic acid

Lignoceric acid

Table S2. Flow cytometer setup.

Instrument: Becton Dickinson FACSCanto™ II

Laser lines
Emission filters

Fluorochrome

488 nm
780/60 670LP 585/42  530/30
PE/Cy7  PerCP/Cys.5 PE FITC

633 nm
780/60 660/20
APC/Cy7  APC

405 nm
450/50
Horizon V450
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Abstract

Background. High systemic cholesterol levels have been associated with osteoarthritis
(OA) development. Therefore, cholesterol lowering by statins has been suggested as a
potential treatment. We investigated whether therapeutic high-intensive cholesterol-
lowering attenuated OA development in dyslipidemic APOE*3Leiden.CETP mice.

Methods. Female mice (n=13-16 per group) were fed a Western-type diet (WTD) for 38
weeks. After 13 weeks, mice were divided into a baseline group and 5 groups receiving
WTD alone or with treatment: atorvastatin alone, combined with PCSKg inhibitor
alirocumab and/or ANGPTL3 inhibitor evinacumab. Knee joints were analysed for
cartilage degradation, synovial inflammation and ectopic bone formation using
histology. Aggrecanase activity in articular cartilage and synovial S100A8 expression
were determined as markers of degradation/regeneration and inflammation.

Results. Cartilage degradation was significantly increased in WTD-fed mice, but
cholesterol-lowering strategies did not ameliorate cartilage destruction. This was
supported by comparable aggrecanase activity and S100A8 expression in all treatment
groups. Synovitis and ectopic bone formation were comparable between groups and
independent of cholesterol levels.

Conclusions. Intensive therapeutic cholesterol lowering did not attenuate progression
of cartilage degradation in WTD-fed APOE*3Leiden.CETP mice. We propose that
inflammation is a key feature here and therapeutic cholesterol-lowering strategies may
still be promising for OA patients presenting both dyslipidemia and inflammation.



Cholesterol-lowering showed no amelioration of knee OA

Introduction

Hypercholesterolemia, or increased systemic levels of low-density lipoprotein
cholesterol (LDL-C) subtypes, is a shared cardiometabolic risk factor associated with
cardiovascular disease (CVD) and osteoarthritis (OA). Still, epidemiological studies are
divided over the relationship between both conditions. A recent meta-analysis found
a significantly increased prevalence and risk of overall CVD in OA patients compared
to non-OA controls?, while others did not observe this association3. It is unclear how
high systemic LDL-C levels, characteristic for CVD, influence OA pathology. Increased
total cholesterol levels were recently associated with increased risk of generalized OA!,
while others found no association with LDL-C or total cholesterol* and even describe
protective effects of high-density lipoprotein cholesterol (HDL-C). Use of statins, a class
of drugs often prescribed to lower LDL-C levels, was associated with reduced incidence
and progression of knee OA in some studies’ ¢, while not in others? 8. Also in hand
OA, often associated with inflammation, statin use did not affect disease incidence?®.
Although pathophysiological grounds for a causal relationship between OA and CVD
have not yet been established in humans, common cardiometabolic risk factors may
indicate shared biochemical pathways.

The efficacy of cholesterol-lowering treatments on OA incidence and progression
can be evaluated in a more controlled manner in preclinical models. We and others
have demonstrated that cholesterol-supplemented Western-type diet (WTD) feeding
aggravated OA features in the knee joint*>. APOE*3Leiden.CETP mice, a translational
model for human lipoprotein metabolism that responds to lipid-lowering drugs
in a human-like manners *, showed increased articular cartilage degradation on a
cholesterol-rich WTD®. High cholesterol levels provoked synovial activation and
ectopic bone formation in a collagenase-induced OA model". Hypercholesterolemia
triggered OA development through oxidative stress and chondrocyte apoptosisiz.
Atorvastatin treatmentameliorated OA outcome in these models**2. These observations
indicate that pathophysiological processes resulting from increased cholesterol load
may contribute to OA pathogenesis.

In this study we investigated whether therapeutic high-intensive cholesterol
lowering attenuates OA progression in APOE*3Leiden.CETP mice fed a cholesterol-
supplemented WTD. We employed incremental lipid-lowering interventions using
atorvastatin alone or combined with alirocumab, a monoclonal antibody against
proprotein convertase subtilisin/kexin type 9 (PCSKg)5, and/or the novel evinacumab,
a monoclonal antibody against angiopoietin-like 3 (ANGPTL3)3. We evaluated the
effects of cholesterol loading and lowering on cartilage degradation, ectopic bone
formation and synovial activation.
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Materials and Methods

Please refer to the end of this Chapter for a detailed methods section.

Results

Increased cartilage degradation in APOE*3Leiden.CETP mice fed a
cholesterol-supplemented WTD

As previously observed™, cholesterol-supplemented WTD feeding coincided with
a mild but significant increase in cartilage degeneration after 38 weeks (WTD, 7.8 +
1.9) compared to 13 weeks (baseline, 3.8 + 1.8; 2.1-fold increase, p=0.001; Figure 1A,C).
Cartilage degradation was mainly observed at the lateral tibia and femur (Figure S1A).
Proteolytic activity in the cartilage, as a measure of matrix degradation, was determined
by quantification of NITEGE neo-epitopes*. NITEGE staining in articular cartilage was
significantly increased at 38 weeks in WTD-fed mice compared to baseline controls
(p=o0.01; Figure 1B,D).

Therapeutic cholesterol lowering does not ameliorate cartilage degradation

in knee joints of dyslipidemic mice

Systemic cholesterol levels were determined to assess the effectiveness of standard
and high-intensive cholesterol-lowering treatments. All treatments induced an
intervention-dependent gradual decrease of cholesterol levels over the course of the
study, the combination treatments being most effective (Figure 1E,F). The decrease in
systemic cholesterol levels coincided with a reduced body weight gain in the treated
groups compared to WTD controls (Figure S2). Analysis of lipoprotein profiles showed
that all treatments induced a significant reduction of VLDL/LDL cholesterol whereas
no differences in HDL levels were observed (Figure 1G). This decline in cholesterol levels
did not attenuate the progression of cartilage destruction in the treatment groups as
compared to WTD controls (Figure 1A,C). Moreover, NITEGE staining was significantly
increased in WTD-fed mice receiving double or triple treatment (AA, p=0.001; AE,
p=0.05; AAE, p=0.01; Figure 1B,D).
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Figure 1. Cholesterol-lowering interventions do not ameliorate cartilage degradation
in dyslipidemic mice. APOE*3Leiden.CETP mice received a Western Type Diet for 38 weeks.
Data depicted in figure 2E-G are given as background information and have been published
previously by Pouwer et al®. describing the effects on the progression of atherosclerosis. A)
Cartilage degradation was determined using histological analysis and revealed a significant
increase in cartilage degeneration after 38 weeks of WTD-feeding compared to baseline controls.
B) Immunohistochemical analysis of NITEGE staining revealed a significant increase in WTD-
fed mice receiving double or triple treatment (AA, p=o.001; AE, p=0.05; AAE, p=o0.01). C,D)
Representative pictures of cartilage degradation and NITEGE staining (20x magnification). E)
WTD feeding significantly increased systemic cholesterol levels and all cholesterol-lowering
treatments induced a significant gradual reduction in systemic cholesterol levels. F) Plasma total
cholesterol exposure confirmed an intervention-dependent decrease over the course of the study.
G) Cholesterol-lowering interventions resulted in a significant decrease of VLDL/LDL (fractions
4-15) levels while no changes in HDL (fraction 16-24) levels were observed. Abbreviations: A=
atorvastatin, AA= atorvastatin + alirocumab, AE= atorvastatin + evinacumab, AAE= atorvastatin
+ alirocumab + evinacumab. n=13-16 per group. * p<o0.001 WTD versus A, # P <0.001 WTD versus
AA, AE and AAE in figure 1E; * p < 0.05, ** p < 0.01, ***p < 0.001 versus WTD.
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Modulation of systemic cholesterol levels does not affect synovial
inflammation or ectopic bone formation

Previously, we reported that high systemic cholesterol levels aggravated synovial
inflammation and ectopic bone formation in collagenase-induced OA". Therefore,
we examined the effect of therapeutic cholesterol-lowering therapies on these OA
features. All groups developed minor synovial inflammation, which was independent
of systemic cholesterol levels (Figure 2A,C). The alarmin S100A8, a marker for activated
macrophages?, also showed minor expression in the synovial lining and was comparable
in all groups (Figure 2D). Finally, we determined whether high plasma cholesterol
promoted ectopic bone formation in this model. The total number of osteophytes per
knee joint and the maturation stage remained comparable between all groups upon
reduction of systemic cholesterol levels (Figure 2B). Most osteophytes occurred at the
anterior side of the medial femoral condyle (Figure 2E).
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Figure 2. No effect of lowering systemic cholesterol on synovial inflammation
and ectopic bone formation. APOE*3Leiden.CETP mice received a Western Type
Diet for 38 weeks. A) Synovial inflammation was determined using an arbitrary score
(0-2) and wasindependentof cholesterol levels. Ectopic bone formation and maturation stage were
determined after 13 and 38 weeks of WTD-feeding on Safranin-O/FastGreen-stained sections. B)
No differences were observed in the total number of osteophytes as well as maturation between
all different groups. C) Representative pictures of synovial inflammation (20x magnification). D)
Sections were stained for the alarmin S100A8, which was only expressed to a minor extent in the
synovium. E) Representative pictures of ectopic bone formation (Left panel: 20x magnification,
right panel: 40x magnification). Abbreviations: A=atorvastatin, AA=atorvastatin + alirocumab,
AE= atorvastatin + evinacumab, AAE= atorvastatin + alirocumab + evinacumab.
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Discussion

Theassociation of CVD with OA has become increasingly recognized and understanding
their interrelationship is imperative for improving therapeuticapproaches. Cholesterol,
with its crucial role in CVD, could be a potential link. Our study demonstrates that
therapeutic cholesterol-lowering therapies proved insufficient in reducing progression
of cartilage degradation, in contrast to earlier findings with prophylactic cholesterol
lowering®. Ectopic bone formed independent of systemic cholesterol levels, while
aggrecanase activity was increased after cholesterol-lowering treatment. The absence
of synovial activation suggests a minor role of joint inflammation in our model. Taken
together, our findings demonstrate that therapeutic cholesterol lowering does not slow
the progression of cartilage degradation in dyslipidemic APOE*3Leiden. CETP mice.
This is the first study to show the effects of novel, therapeutic cholesterol-lowering
interventions on the progression of cartilage degradation. Compared to previous
studiesio, the translational and clinical value is improved by the therapeutic
experimental design. The APOE*3Leiden.CETP strain has high translatability in
lipoprotein metabolism and metabolic diseases, showing human-like responses to
hypolipidemic treatments3™. In this study, diet-induced dyslipidemia was distinct and
manifested itself in cartilage degradation as well as atherosclerosis development®. The
cholesterol-lowering interventions successfully reduced atherosclerosis progression®
while cartilage degeneration progressed despite of therapy, suggesting differential
involvement of pathophysiological pathways. Although OA and atherosclerosis may
share overlapping vascular and inflammatory pathophysiological processes?, the role
of an impaired lipid metabolism and the effects of cholesterol-lowering therapies on
OA progression in humans remain unclear. A systematic literature review and meta-
analysis revealed a clear association between dyslipidemia and OA, suggesting that
lipid disturbances could be a risk factor for OA™. Yet results from clinical studies have
been diverse, showing beneficials ® or no7* effects of statin use on OA incidence or
progression. Different methods of analysis, effect of treatment or the lack of patient
stratification could explain the observed difference between clinical studies.
Regarding the effects of statin use on OA incidence and progression, our collective
results seem to indicate that statins can be beneficial pre-onsetio but cannot modify
disease course. This divergent effectiveness suggests that other mechanisms, additional
to lipoprotein disturbances, are important in cholesterol-induced OA pathogenesis.
Systemic dyslipidemia may induce a lipid imbalance within the synovial fluid of OA
patientsthatcouldirreversiblyaffectchondrocyte homeostasis. Although wewereunable
to investigate in detail the mechanistic pathways involved in cartilage pathophysiology,
we have analysed the activity of catabolic mediators in the cartilage matrix. Important
catabolic mediators involved in cartilage degradation are aggrecanases and matrix
metalloproteases (MMPs). Both cleave aggrecan at a specific site, leaving behind the
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neo-epitopes NITEGE and VDIPEN, respectively®. VDIPEN-epitopes are expressed
during advanced cartilage degradation. NITEGE-epitopes are expressed during early
cartilage degradation and have also been observed during regeneration of proteoglycan
content in articular cartilage. In this study, NITEGE staining increased after 38 weeks of
WTD feeding compared to baseline controls. Cholesterol-lowering treatments resulted
in a significant increase in NITEGE staining. As no difference in cartilage degradation
was observed, we propose that the observed aggrecanase activity could indicate a more
active repair mechanism after cholesterol-lowering treatment, possibly protecting
against cartilage degradation after prolonged cholesterol exposure.

As inflammatory involvement is increasingly recognized in OA, cholesterol-lowering
treatments that have pleiotropic immunomodulatory effects — such as statins and
anti-PCSKg antibodies - may be beneficial for OA patients in multiple ways. We
have previously reported that high systemic cholesterol levels enhanced ectopic
bone formation and synovial activation during inflammatory collagenase-induced
OA via local inflammatory processesii. Ectopic bone formation was enhanced via the
activation of transforming growth factor § (TGF-f) and synovial activation via the
alarmin S100A8/A9, a marker for activated macrophagesii. In contrast, we observed
little ectopic bone formation or macrophage activation in our current study, both of
which were independent of systemic cholesterol levels as well. These findings imply
that local inflammation is required for LDL-driven OA pathology. Local inflammation
occurs in approximately 50% of the OA patients and has been associated with the
development of joint pathology. Inflammation is essential for the oxidation of LDL,
which is taken up by the synovial lining cells and drives joint pathology via pro-
inflammatory mechanisms=.

In conclusion, our results show that cholesterol-supplemented WTD feeding
disturbed lipoprotein metabolism and coincided with increased cartilage degradation
in APOE*3Leiden.CETP mice. Therapeutic, high-intensive cholesterol-lowering
interventions did not attenuate the progression of cartilage degradation and had
no effect on ectopic bone formation and synovial activation. We propose that local
inflammation is a prerequisite in cholesterol-induced OA pathology. Therapeutic
cholesterol-lowering strategies may still be promising for OA patients presenting both
dyslipidemia and joint inflammation.
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Supplemental Methods and materials

Study design
We refer to Pouwer et al® for a more detailed description of experimental design,
treatments and sample size calculations.

Animals

The experiment was carried out in female APOE*3Leiden.CETP transgenic mice on a
Cs57BL/6 background (8-12 weeks of age), obtained from the in-house breeding colony
(TNO Metabolic Health Research, Leiden, The Netherlands). Groups consisted of 13-16
animals. Initial groups included more mice to account for autoantibody development
against the human monoclonal evinacumab. The development of auto-antibodies
was determined and autoantibody-positive mice were excluded from all analyses The
experiment was approved by the institutional Animal Care and Use Committee of TNO
and were in compliance with European Community specifications regarding the use of
laboratory animals.

Diet and treatments

Metabolic OA was induced by switching the diet of the mice from standard chow to
WTD with 0.30% cholesterol and 15% saturated fat. At t=13 weeks, mice were divided
in 6 groups that matched based on age, body weight, plasma total cholesterol (TC),
plasma total triglycerides (TG) and cholesterol exposure (mmol/L*weeks). Sixteen
mice were sacrificed as the baseline control group and the other 5 groups continued to
receive WTD alone or with treatment for 25 weeks. Treatments comprised atorvastatin
(4-10 mg/kg/d; concentrations based on food intake), atorvastatin and alirocumab
(10 mg/kg), atorvastatin and evinacumab (25 mg/kg) or atorvastatin, alirocumab and
evinacumab. Atorvastatin (mixed in the diet) and dietary cholesterol concentrations
were adapted during the study to reach the non-HDL-C lowering goal of 1 mM
(Figure 1). Alirocumab and evinacumab were administered by weekly subcutaneous
injections.
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matching and sacrifice of
baseline control group sacrifice

Time (weeks)
2 4 6 8 10 12 13|14 15 16 18 20 22 24 26 28 30 32 34 36 38

Baseline control (WTD, n = 16) N

WTD control (n = 16)

Atorvastatin (n = 13)

D Atorvastatin + Alirocumab (n = 14) >

Atorvastatin + Evinacumab (n = 13)
Atorvasta Allro ab a ab

Atorvastatin in WTD 0.000% 0.004% 0.005% 0.01% 0.005%
Cholesterol in WTD 0.30% 0.15%

Figure 1. Schematic overview of the experimental study design.

Assessment of metabolic dysfunction

Plasma cholesterol levels were monitored throughout the study period. Peripheral
blood (5 drops/animal) was drawn via tail incision using EDTA-coated tubes (Sarstedt)
after 4h of food deprivation and by heart punction at sacrifice. Total cholesterol was
determined with an enzymatic assay (Roche Diagnostics) according to manufacturer’s
instructions and total cholesterol exposure was calculated as mmol/L*weeks. For
lipoprotein profiles, pooled plasma of each group was fractionated using an Akta FPLC
system (Pharmacia) and analyzed for their cholesterol-containing fractions.

Histological analysis

Murine knee joints were fixed in formalin and decalcified using formic acid.
Subsequently, the joints were embedded in paraffin and cut in 7um sections. Sections
were stained using Safranin-O/Fast Green and Hematoxylin/Eosin for histological
analysis. Cartilage damage in the joint was quantified using a more detailed version
of the OARSI scoring system, as described previously* (o = no damage, 30 = maximal
damage). Five sections were scored and averaged per joint after blinding. Osteophyte
formation and maturation were determined using an arbitrary scoring system as
described previously®. Ten different locations were scored for osteophyte formation and
maturation on both the medial and lateral side of the joint. Synovial inflammation was
scored using three sections per joint and a scoring range from o-2 (o = no inflammation,
1 = mild inflammation, 2 = moderate inflammation; Figure S3).

Immunohistochemistry

For immunohistochemical analysis, knee joint sections were deparaffinized and
endogenous peroxidase blocking was performed using H202 in methanol. Antigen
retrieval was performed in citrate buffer pH 6.0. Sections were stained with polyclonal
antibodies against S100A8 (kindly provided by Thomas Vogl, Institute of Immunology,
University of Muenster, German), NITEGE (kindly provided by John Mort, Shriners
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Hospital for Children, Montreal, Canada) or non-relevant rabbit IgG control (R&D
systems). Biotinylated anti-rabbit IgG was used as a secondary antibody. Subsequently,
sectionswerestained withavidin-streptavidin-peroxidase (Elite kit, Vector Laboratories)
and diaminobenzidine (Sigma-Aldrich) was used for visualization of peroxidase
staining. Counterstaining was performed using haematoxylin (Merck). NITEGE
staining was determined using the Leica Application Suite (Leica Microsystems),
three sections were scored and averaged per joint in the superficial non-calcified layer
of articular cartilage. Positive staining area was corrected for the total area that was
analyzed. NITEGE staining was determined in a blinded fashion.

Statistical analysis

Statistical analysis was performed using SPSS Statistics Data Editor (IBM). Differences
between groups were analyzed using a parametric One-Way ANOVA followed by
a 2-sided Dunnett’s Multiple Comparison test. Due to a non-Gaussian distribution,
Mann-Whitney U-test was used for comparison between groups for the synovitis scores.
P-values below 0.05 were considered significant. Results are expressed as mean + SEM.
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Figure S1. Overview of OA severity scores and relative NITEGE staining per cartilage
compartment. A) Sections were stained using Safranin-O/Fast Green for histological
analysis. Cartilage damage in the joint was quantified using a detailed version of the OARSI
score (0o = no damage, 30 = maximal damage). Five sections were scored and averaged per
joint. A significant increase in cartilage degradation was observed between baseline and WTD
at the LT, LF and MT side of the joint. B) Immunohistochemical analysis of NITEGE staining
revealed significant differences in aggrecanase activity after cholesterol-lowering treatments
at the LT, LF and MT side of the joint. A= atorvastatin, AA = atorvastatin + alirocumab, AE=
atorvastatin + evinacumab, AAE= atorvastatin + alirocumab + evinacumab. n=13-16 per group. *
P <o0.05, ** P < 0.01, ***P < 0.001.
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Figure S2. Administration of different cholesterol-lowering interventions
resulted in a reduced body weight gain. Abbreviations: A = atorvastatin,
AA= atorvastatin + alirocumab, AE= atorvastatin + evinacumab, AAE= atorvastatin + alirocumab
+ evinacumab. n=13-16 per group. * P<o0.001 WTD versus A, # P <0.001 WTD versus AA, AE and
AAE, 1 P <0.001 WTD versus AAE.

Score 0 Score 1 Score 2

Figure S3. Synovial inflammation scoring system. Synovial inflammation was quantified
by evaluating synovial thickening and cell infiltration in the synovial lining using H&E stained
sections of the joint. Synovial inflammation was scored using an arbitrary score of 0-2 (0 = no
inflammation, 1 = mild inflammation, 2 = moderate inflammation), three sections were scored
per joint.
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Discussion and outlook

Metabolic and inflammatory pathways share many evolutionary interactions and their
comprehensive interrelationship underlies many contemporary metabolic diseases, like
metabolic osteoarthritis (OA). The balance between both systems is delicate and needs
to be properly maintained. Plasticity and adaptability of the cells and the pathways
involved in both metabolism and immunity ensures the host to deal with challenges like
overfeeding and infection. However, persistent stimuli can drive either system to become
locked in an alternative, harmful stable state. We found that long-term consumption of
a high-caloric diet will lead to metabolic overload such as obesity or dyslipidemia, but
does not necessarily result in aggravated degradation of articular cartilage. Although
we showed that high-fat feeding alone could unquestionably aggravate OA progression
(Figure 2, Chapter 3), we propose that an additional trigger is necessary to evoke OA
onset in a metabolically compromised subject. Data presented in this thesis support
this hypothesis, demonstrating a role for simultaneous dysregulation of systemic lipid
metabolism and inflammatory mediators like C-reactive protein (CRP) and peripheral
blood monocytes. Moreover, we showed that therapeutic treatment of just one of these
systems, through lowering systemic cholesterol levels, proved insufficient in halting
OA progression.

Osteoarthritis and nutrition: food for thought

Emerging evidence suggests that metabolic syndrome (MetS) is associated with an
increased risk of OA. This has led to the introduction of the term ‘metabolic OA’
for the MetS-associated subtype of OA!, although the validity of this subtype is still
under debate>. One or multiple components of MetS can be associated with OA, with
obesity being the greatest modifiable risk factor3. Overweight and obesity are defined
as ‘abnormal or excessive fat accumulation that presents a risk to health’ according to
the World Health Organization. As obesity is the consequence of a sustained positive
energy balance over time, considerable research has been devoted assessing the effects
of nutrition. Nevertheless, it is as yet unclear whether excessive food intake in general
or an excess of specific foods or nutrients plays a major role in the development of
obesity. Epidemiological evidence suggests that excessive fat consumption promotes
the development of obesity, with a direct relationship between the amount of dietary
fat and the degree of obesity*. The same can be observed in preclinical animal models,
where high-fat diets (=40% of energy from fat) provided ad libitum to sedentary
animals reliably produce increases in energy intake, body fat gain, and obesitys. The
Cs57BL/6] strain is most thoroughly examined in the context of metabolic OA, as the
obese state observed in these mice closely parallels the metabolic adaptations seen in
human disease pathogenesis®. Using mice on a C57BL/6] background, we have assessed
the potential of various high-caloric diets on inducing metabolic OA (Chapter 2-5).
Although the manifestation of a metabolic phenotype was consistently confirmed,
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articular cartilage degradation was rarely observed. The results presented in this thesis
suggest that diet plays a role in exacerbating OA progression, but an additional trigger
is needed to evoke OA.

Theseresults promptadifficultdiscussion, as it touches on the foundation of the obesity-
induced OA model as introduced by Silberberg and Silberberg in the 1950s7: nutrition.
In our experience, inducing obesity and metabolic dysregulation in male C57BL/6]
mice takes 10-12 weeks of HFD feeding, with 45% of energy from fat. OA development
is mild in the diet-induced model, therefore also referred to as a “spontaneous” OA
model by some. Consequently, the slowly progressive disease requires at least two- to
threefold longer study duration compared to chemically or surgically induced models.
Even though this period is significantly shorter compared with ageing OA models (=1
year of age in mice), ageing processes cannot be ruled out in the development of diet-
induced OA. Control diets will account for ageing effects but are equally questionable in
their effects on articular cartilage, as undefined chow control diets add great variability:
the micro- and macronutrient content of chow differs markedly from the defined diets
and the natural ingredients of chow are subject to seasonal changes. Usually, as in the
work presented in this thesis, control diets are well-defined and differ from study diets
predominantly in one macronutrient: in the case of high-fat diets, the fat surplus is
often proportionally replaced by carbohydrates in control diets. Donovan et al. recently
showed that this simplistic approach might backfire when studying OA development,
with dietary fat and sucrose content conveying independent effects on OA pathology in
mice8. Here, a low-fat low-sucrose control diet demonstrated substantially more severe
joint pathology compared with the ‘standard’ low-fat high-sucrose control diet in male
Cs57BL/6] mice, without inducing differences in body mass or body fat®. It must be
noted here that the authors focused on early-stage OA pathology, as the mice received
diet treatment for 20 weeks in total. An explorative study at TNO Metabolic Health
Research has also shown significant differences between defined low-fat control diets
from different manufacturers in male mice on a C57BL/6] background, in terms of body
weight gain and metabolic dysfunction (M.C.M. Morrison, R. Kleemann, 2017; data
not published). In a rat study performed by our group, using the same defined diets
as the mouse study of Chapter 3, control rats unexpectedly gained significant body
weight — hinting towards different digestive physiology for different species and strains.
These observations highlight the complex interplay of macronutrients on metabolic
dysregulation and point to a major role for the gastrointestinal (GI) tract in inducing
these metabolic changes.

The Gl tract, the key interface between ingested nutrients and the body, has been mainly
researched in the context of NSAID-induced toxicity in the OA field**. Yet, considering
its four primary functions (digestion, absorption, excretion and protection), it seems
inevitable that the GI tract plays arole in obesity-induced OA. An essential part of the GI
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tract for performing its functions is the microbiome: a myriad of microorganisms within
the gastric lumen tailored to the individual, which aid in digestion and nutrient uptake
and is directly influenced by diet™. Owing to recent technological advances it is now
understood that the intestinal microbiota is especially vital to metabolic homeostasis
and host health, as perturbations in intestinal microbiota (termed dysbiosis) have
been associated with the pathogenesis of both intestinal and extra-intestinal disorders
like obesity>. Correlational evidence is also emerging for a potential relationship
between dysbiosis and metabolic OA onset. The fact that many of the risk factors
for metabolic OA show overlap with microbiome dysbiosis, such as ageing, gender,
obesity and quality of nutrients intake®, is a writing on the wall. Preclinical models
fed a HFD have demonstrated quantitative and qualitative microbiome alterations”
and evidence is accumulating that these changes might be related to OA pathology®.
Recently, trauma-induced OA was found to be less severe in germ-free mice (i.e.
devoid of all microorganisms) than in specific pathogen-free mice (i.e. harbouring gut
microbiota)®, also pointing to a role for the microbiome in OA pathology. In a small set
of OA patients, the presence of synovial and systemic bacterial membrane component
lipopolysaccharide (LPS) and LPS-binding factor (LPB) have recently been associated
with the presence of activated macrophages in the knee, radiographic OA severity
and joint symptoms2o. Endogenous LPS is continually produced within the gut by
the death of Gram-negative bacteria and is absorbed into intestinal capillaries to be
transported by lipoproteins®. High-fat diets enhance translocation of the bacterial LPS
from the microbiome into the bloodstream, initiating obesity and insulin resistance®.
However, due to the correlational nature of these observations®, unravelling the exact
mechanism of the relationship between intestinal microbiota and OA is required to
support the hypothesis that OA pathology can be microbiota-driven.

Metabolic osteoarthritis, metabolism, and immunity

The pivotal mutualistic relationship between the host and the microbiome extends
beyond metabolic functions, as millions of years of co-evolution have rendered
adaptations to the host immune system to preserve this symbiotic relationship
while containing the microbiota®. During the past decades, it has become clear that
inflammation is a key feature of metabolic syndrome and its associated comorbidities,
like obesity. We (Chapter 3-5)* and others>*° have demonstrated that low-grade,
systemic inflammation is also involved in metabolic OA pathology. Diet, especially
fat, has been identified as a strong modulator of the microbiotai4. Accumulating data
from both human and animal studies demonstrate that intestinal microbes can affect
host lipid metabolism through multiple direct and indirect biological mechanisms.
Lipids are potent modulators of both innate and adaptive immunity as well and the
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increased intake of dietary saturated fatty acids (SFA) is thought to link obesity and
OA?28, Eicosanoids, or oxylipins, are the lipid mediators best known for their pivotal role
in inflammation29. We performed lipidomic analyses to detect adaptations over time in
the systemic lipid and eicosanoid profiles in our obesity-induced OA models (Chapter
3 and 5). In humans, the association of lipid abnormalities with tissue pathology in
OA cartilage was already made in the 1990s*. A recent systematic literature review
and meta-analysis revealed that dyslipidemia occurs twofold more in individuals
with than without OA, pointing to lipid disturbances as a risk factor for OA3. Despite
plasma volume limitations and volume demands of the lipidomic assay, we were able
to observe a shift in eicosanoid metabolism towards the cytochrome P450 (CYP450)
pathway (Figure 3, Chapter 3). HFD feeding induced increased systemic levels of the
eicosanoid precursor arachidonic acid (AA), a n-6 polyunsaturated fatty acid that
can trigger a pro-inflammatory cascade. The observed increase in systemic levels of
dihydroxyeicosatrienoic acids (DHETSs) pointed to an increased AA hydroxylation by
the enzyme soluble epoxide hydrolase (sEH) in the CYP450 pathway. These results
suggest that systemic changes, triggered by HFD-induced metabolic dysregulation,
aggravate OA progression by modulating the eicosanoid metabolism via sEH.

Soluble EH is expressed in adipose tissue*34, hepatocytes?*3, and pancreatic islets+3¢
and has been suggested to be involved in the homeostasis of metabolic diseases.
Altered CYP-expression and increased sEH-generated DHET levels have also been
observed in obese murine models of metabolic syndrome®*-°. Interestingly, due to
its phosphatase activities, sEH can regulate cholesterol levels3”+, another risk factor
for metabolic OA (Chapter 6). In accordance with these findings, pharmacological
inhibition of sEH ameliorated metabolic syndrome3>+. A similar dysregulation of CYP-
mediated eicosanoid metabolism has been observed in patients with cardiovascular
disease, a metabolic condition that shares pathophysiological similarities with OA#
for which sEH inhibitors (sEHi) have shown promising therapeutic effects*. Although
the effectiveness of sEHi treatment is not yet researched in OA patients, a recent
study positively associated increases in synovial fluid levels of sEH-generated DHET
with knee OA and radiographic progression® - suggesting a link between eicosanoid
metabolism and OA pathogenesis as well.

Due to their immune modulatory capacity*, it is conceivable that eicosanoids
mediate the link between metabolism and immunity in metabolic OA. Infiltration
of immune cells like monocytes in the OA synovium lies at the basis of synovitis+4®.
Immune infiltration in the OA synovium primarily reflects migration rather than local
proliferation“>>° and eicosanoids could play an important role in this process. Although
initially considered inactive EET degradation products, DHET have been reported
to promote CCL2-mediated monocyte chemotaxis in vivo, leading to an increased
recruitment of monocytes into tissues®. DHET were also shown to be able to restore
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sEHi-blocked human monocyte migration invitrosy, verifying specificity and the crucial
role DHET play in monocyte recruitment. The fact that DHET specifically promote
monocyte chemotaxis via the CCL2/CCR2 signalling axis is particularly interesting,
since this signalling axis was found to preferentially mediate monocyte trafficking
and promote inflammation and tissue damage in OA*. We observed expansion and
activation of circulating non-classical monocyte subpopulations (Chapter 3 and 5)
consistent with reports in obese5>53 and OA patients>, respectively. Especially striking
was the increase in proinflammatory intermediate monocytes (Chapter 3), purportedly
the main population to be perturbed in human disease conditions> including obesity>.
As intermediate monocytes represent a transitional subset between classical and
non-classical monocytes, the observed increase can indicate renewing of the non-
classical monocyte pool by maturation of peripheral classical monocytes. However,
the intermediate subpopulation is also known to reflect disease activity in rheumatoid
arthritis patients’. Moreover, monocyte chemotaxis receptor CCR2 expression on
circulating intermediate monocytes was recently found to correlate positively with
serum TNF levels and pain in women with knee OA5+. This is in line with the previous
finding that synovial fluid (but not serum) levels of CCL2 (CCRz ligand, also referred to
as MCP-1), correlated with pain and physical disability in OA%. Therefore, the increase
in circulating intermediate monocytes can alternatively indicate involvement of this
subset in metabolic OA pathogenesis.

Inaddition to monocyte expansion, wealsoobserved distinctactivation of the circulating
non-classical monocyte subpopulation during metabolic OA progression (Chapter 3
and 5), pointing to monocyte recruitment to tissues. Activated monocytes may develop
into macrophages upon tissue entry, differentiating into either a proinflammatory M1
or a pro-resolving (anti-inflammatory) M2 macrophage phenotype. We investigated
the local effects of HFD feeding on M1 and M2 macrophage subsets in the synovium
and the infrapatellar fat pad (IPFP) (Chapter 3-5). Increased numbers of adipose
tissue macrophages and their polarization towards a proinflammatory profile greatly
contributes to the low-grade systemic inflammation in obesityaswell as OA. Lipids play
an important role in macrophage polarization, as recently evidenced by the involvement
of the eicosanoid PGE2 in switching from the M1 to M2 macrophage polarization state
and resolution of inflammation®. However, the HFD-induced systemic activation of
myeloid cells was not reflected by a local polarization towards the M1 macrophage
subset in the knee joint, as the synovia and IPFP of HFD-fed mice showed a mixed
pattern of both M1 and M2 macrophage markers (Chapter 3-5). Interestingly, the
combination of HFD with knee injury (DMM) triggered increased iNOS deposition
in both the synovium and IPFP (Chapter 3-5). In the IPFP, this coincided with an
increase in crown-like structures - a hallmark of adipose inflammation (Chapter 4).
Our findings are in line with results from clinical®¢ and murine® studies showing
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that resident macrophages retain their M2-like phenotype while displaying a pro-
inflammatory cytokine profile. Together, these findings emphasize the persistence and
therefore importance of local macrophage populations in regulating homeostasis in
the OA knee joint of mice.

Apart from their most known potential to differentiate into macrophages, monocytes
exert a plethora of other functions in acute and chronic inflammatory diseases. In
arthritic conditions, intermediate and non-classical monocytes have a significantly
increased potential to differentiate into osteoclasts®®. Osteoclasts are specialized
bone cells that mediate bone resorption and are thought to participate in OA
pathophysiology®7. Interestingly, a selective expansion of the intermediate monocyte
subset has also been reported for arthritic conditions”7, suggesting that in particular
this subset may be involved in OA pathogenesis via this route. The process of bone
remodelling is likely coupled to the process of angiogenesis, which are both enhanced
in pathologic conditions”™, where osteoclastogenesis is thought to stimulate
angiogenesis™. Angiogenesis is another feature of OA, which leads to ossification
and is driven by proangiogenic factors like vascular growth factor (VEGF)777. The
intertwining of these processes fits with the aggravated metabolic OA progression in
our hCRP-tg mice (Chapter 5), as human C-reactive protein (CRP) has been shown to
upregulate VEGF expression”. As reviewed in Chapter 5, CRP is positively associated
with BMI in humans” and could be involved in lipid-driven local cartilage changes
via OA-induced upregulation and activation of phospholipase A2 (PLA2) enzymes®®.
In OA patients too, a recent meta-analysis revealed that hs-CRP levels were modestly
higher in OA than controls and associated with increased pain and decreased physical
function®®. Moreover, as a modulator of innate and adaptive immunity, CRP promotes
monocyte chemotaxis both directly and indirectly®>: completing the circle back to
our observations that both the numbers of circulating monocytes and the level of
monocyte activation increased in our HFD-induced OA models (Chapter 3 and 5). This
enumeration aptly showcases the interdependence of different biological processes,
harbouring internal autocrine and paracrine loops, and reflects the complexity of
metabolic OA pathogenesis.

The close interactions between metabolism and immunity are increasingly appreciated
and have led to the exciting new field of ‘immunometabolism™: unravelling the
molecular links between metabolic processes and immune signalling pathways to
understand immunity in both health and metabolic disease. Metabolic changes
induced by overfeeding, or by specific diets, can impact the immune system in a complex
organ-specific manner - explaining why the unfocused treatment of changing a diet
and increasing physical exercise ameliorates OA progression. Immune cells possess
the ability to respond to environmental signals and exhibit a wide variety of distinct
functional fates. The functional plasticity of immune cells is paralleled by their
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profound metabolic reprogramming capabilities, matching the cells’ function, lifespan
and bioenergetic requirements during consecutive transitions from inactive to active
state. For example, this was recently corroborated by the discovery of an alternative
metabolic pathway in natural killer (NK) cells that supports NK cell activation®%. These
recent findings convincingly demonstrate that systemic metabolism influences cellular
metabolism, thus shaping the immune response. Taken together with the research
presented in this thesis, changes in lipid metabolism could underlie the observed
monocyte activation in the context of metabolic OA. In particular, we propose that
sEH and its products could represent an intersection of metabolic and inflammatory
pathways through which microbial signals (e.g. LPS) can regulate both metabolism
and immunity, much like the eicosanoid-driven host-pathogen interaction®®”. This
metabolic link may ultimately be exploited to treat metabolic OA, however, given the
plethora of interacting physiological pathways involved, we have to acknowledge that
single-target drugs or general medication is at least difficult but probably impossible
to design.

Metabolic osteoarthritis: is the whole worse than the sum of its parts?

This thesis contributes to the view that the whole is worse than the sum of its parts
in metabolic OA. The different parts (e.g. cartilage damage, adipose stress, systemic
inflammation, pain) amplify each other via the various interconnections and feed-
forward loops in these systems, thus chronically worsening disease progression.
Elaborating on this reasoning, it is not farfetched to propose that OA development
in one joint may increase the risk of OA development in other joints. OA frequently
affects multiple joints in an individual®, but involvement of multiple joints is relatively
understudied and has not been extensively characterized epidemiologically®.
Nevertheless, it is conceivable that locally induced mediators can enter the circulation
and damage or at least prime other joints. In Chapter 4 for example, the sham-operated
knee joints of mice fed a HFD showed a slight increase in crown-like structures in
the IPFP compared with LFD-fed mice, suggesting a systemic process. However, this
hypothesis is difficult to substantiate with our data, as we cannot eliminate the impact
of sham-surgery. Future preclinical studies with surgical models (like DMM) should
compare inflammation-related metabolic OA features in the operated knee with the
non-operated knee and other non-operated joints in the same mouse, performing sham
surgery in a separate group of age and sex-matched mice, to investigate the possibility
of a metabolic OA feed-forward loop at joint level. In humans, further epidemiological
research is needed to determine whether having OA in a single joint increases the
risk of multiple joint OA (MJOA). Soon to be published findings from the Johnston
County Osteoarthritis (JoCo OA) Study, a community-based prospective cohort,
suggest that MJOA is highly prevalent in the population and relates to a high disease
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burden®. Though the high mean age (72 years) and BMI (31 kg/m?) of this particular
sample prohibits generalisation below the age of 55, the unexpectedly high percentage
of MJOA in this population may indicate that single-joint OA can indeed progress to
MJOA. If true, this would cause another shift in our understanding of OA aetiology
and progression: from an articular cartilage-centered to a whole-joint disease, could
the metabolic OA phenotype actually be a whole-body disease (Figure 1)? The concept
of metabolic OA as a whole-body disease would definitely impact current practice, as
it would make early diagnosis even more pressing and change treatment methodology
due to the additional need to prevent spread to other joints.

Metabolic OA

Whole-joint Whole-body

Figure 1. Thesis-driven hypothesis: from an articular cartilage-centered to a whole-joint
disease, could the metabolic OA phenotype be a whole-body disease? The intestinal
microbiota is especially vital to metabolic homeostasis and host health, as perturbations in
intestinal microbiota (termed dysbiosis) have been associated with the pathogenesis of both
intestinal and extra-intestinal disorders like obesity. Correlational evidence is emerging for a
potential relationship between dysbiosis and metabolic OA onset, as described in this chapter,
raising the question whether and how dysbiosis can impact metabolic OA pathology.
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In conclusion, we have obtained deeper insight into the complexity and biological
mechanismsinvolved in metabolic OA. Our major finding was the need foran additional
trigger on top of diet-induced metabolic dysfunction to disturb the homeostatic balance
between immune cells and articular cartilage. Dietary modulation remains the basis for
treatment of metabolic diseases like metabolic OA, likely signifying an essential role
for the GI tract and its microbiome. We show that high-fat feeding alone induces a
proinflammatory environment by shifting eicosanoid metabolism towards the CYP450
pathway, increasing monocyte numbers and activation, and increasing synovial iNOS
deposition in HFD-fed mice. Understanding the proinflammatory priming effect of
high-fat feeding and how it exacerbates OA progression offers important opportunities
to intervene, as the intertwining of metabolic and inflammatory pathways involved
may provide for synergistic effects in restoring homeostasis. This thesis suggests sEH
and its DHET metabolites as potential treatment targets to provide therapeutic benefit
in OA. Thanks to eicosanoid involvement in microbial communication as well as host
metabolism and immunity**®’, sEH and its products could represent an intersecting
target for which treatment effects could be synergistically induced in all three systems
(microbiome, metabolism and immunity).

Disease, by definition, is disruption of homeostasis. In its attempts to restore
homeostasis, inflammation might enforce and perpetuate metabolic changes in a
persistent stimulus and possibly drive the system to become locked in an alternative,
harmful stable state. This thesis proposes that in metabolic OA, a changed eicosanoid
metabolism along with a heightened inflammatory state (e.g. increased CRP) releases
mediators into circulation that induce non-classical monocyte activation as well as
their infiltration into tissues. Local inflammation likely induces factors (e.g. iNOS) that
contribute to maintain systemic activation, resulting in a chronic pathological state.
Building on this framework, we propose to change the concept of OA as a whole-joint
disease to OA as a whole-body disease, at least for the metabolic OA subtype, in which
the joint is susceptible to signals that can originate outside the joint.
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Summary

Summary

The present thesis aims to investigate how metabolic overload contributes to the
pathophysiology of knee OA. It has become increasingly recognized that aberrations
in metabolism and immunity play a critical role in OA pathogenesis, especially in the
‘metabolic OA’ subtype. We explored the role of these independent yet intertwined
processes using state-of-the-art lipidomic and cellular approaches in mouse models
of diet-induced OA. Chapter 2 presents an overview of twelve preclinical studies in
which mice received various high-caloric dietary regimens at variable duration. The
diet-induced osteoarthritis model was evaluated for its robustness and repeatability
by comparing OA features observed in these experiments. From this comprehensive
overview we deduced that diet-induced metabolic overload per se does not necessarily
lead to aggravated articular cartilage degradation. Two out of twelve studies
demonstrated aggravated cartilage degradation compared with controls. These studies
were performed in mouse strains transgenic for human proteins involved either in
inflammation (human C-reactive protein (hCRP) mice) or lipoprotein metabolism
(ApoE*3Leiden.CETP mice). We therefore suggest that an additional trigger, other than
high-caloric feeding alone, is necessary to evoke metabolic OA.

To evaluate whether nutritional fat could indeed aggravate OA progression, low- and
high-fat feeding was combined with a mild mechanical stressor (Chapter 3). OA
onset was induced by microsurgical destabilization of the medial meniscus (DMM) in
Cs57BL/6] mice. This post-traumatic OA (PTOA) model is low invasive and sufficiently
sensitive to study subtle changes in disease progression by mild triggers like genetic
background and diet. High-fat diet (HFD) feeding indeed increased OA severity in
this model and our findings point to a role for both lipid dysregulation and monocyte
activation in disease pathogenesis. Based on these results, we suggest that these
systemic factors might contribute to a diet-induced proinflammatory environment that
enables aggravation of cartilage degeneration.

To unravel the effects of a dysregulated lipid metabolism on the inflammatory state, we
studied the development of metabolic inflammation both locally and systemically. In
Chapter 4, an extension of the studies described in Chapters 3and 5, we focussed on the
inflammatory status of the infrapatellar fat pad (IFP) during OA progression. Evidence
is emerging that the IFP can be a potential local source of inflammatory mediators
in the knee and hence contribute to OA progression. The most pronounced adipose
inflammation, characterized by crown-like structures, was found in mice that received
a HFD on top of a microsurgical trigger (DMM). We observed a significantly increased
deposition of the proinflammatory macrophage marker iNOS due to DMM surgery,
but found no change in pro-resolving macrophage marker CD206. Adipose fibrosis was
minimal, but DMM intervention seemed to induce a trend towards increased fibrosis.
These data suggest that HFD provides a priming effect on the IFP and that combined
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actions of HFD feeding and a cartilage damage trigger (like DMM) bring the joint in a
metabolic state of progressive OA.

Next, we addressed the involvement of the innate immune system in the development
of diet-induced OA. For this we provided male mice from a human C-reactive protein
(hCRP) knock-in strain with an HFD for 38 weeks (Chapter 5). We demonstrated
that hCRP-tg mice developed more severe OA compared with their wild-type controls
under the same HFD regimen. The expression of human CRP being the only variable,
this finding implicates CRP as an independent trigger to aggravate HFD-induced OA
development. Increased recruitment of classical and non-classical monocytes might
be a mechanism of action through which CRP is involved in aggravating this process.
To expand on the outcomes of Chapters 3 and 5, in Chapter 6 we assessed the
contribution of elevated plasma cholesterol levels to the severity of diet-induced OA.
Cholesterol is involved in lipid metabolism as well as inflammation and is described to
aggravate OA progression. Novel high-intensive cholesterol-lowering strategies were
evaluated for their efficacy in halting or reducing aggravation of pre-existent, diet-
induced OA. We observed insignificant effects of therapeutic cholesterol-lowering on
OA features and suggest that cholesterol-lowering treatments alone are probably not
effective in preventing progression of pre-existent OA. We suggest that the absence
of inflammation in this model might explain the reduced effectiveness of cholesterol
lowering, which bears implications for the clinical setting.

Chapter 7 contains the general discussion, where the major findings of this thesis
are placed into the context of the current status of the field. Here, we discuss the
implications of findings described in this thesis and propose to view the metabolic OA
subtype as a whole-body disease instead of a whole-joint disease.
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Dit proefschrift heeft zich erop gericht om beter inzicht te krijgen in de bijdrage
van metabole overbelasting aan het verloop van knieartrose (OA). Het wordt steeds
meer erkend dat afwijkingen in metabolisme en immuniteit een cruciale rol spelen
in de ontwikkeling van OA, vooral in het subtype gedefinieerd als 'metabole OA'. We
onderzochten de rol van deze onafhankelijke, maar met elkaar verweven processen met
behulp van state-of-the-art lipidomische en cellulaire technieken in muismodellen met
dieet-geinduceerde OA. Hoofdstuk 2 presenteert een overzicht van twaalf preklinische
studies waarin muizen verschillende hoogcalorische dieetregimes kregen in
experimenten van variabele duur. Het dieet-geinduceerde OA model werd geévalueerd
op zijn robuustheid door de verscheidene OA kenmerken te vergelijken die in deze
experimenten werden waargenomen. Uit dit uitgebreide overzicht hebben we afgeleid
dat dieet-geinduceerde metabole overbelasting op zichzelf niet noodzakelijkerwijs leidt
tot toegenomen kraakbeenschade. Twee van de twaalf studies toonden een significante
verslechtering van het gewrichtskraakbeen in vergelijking met controles. Deze studies
werden uitgevoerd in muizenstammen die transgeen zijn voor menselijke eiwitten die
betrokken zijn bij ontsteking (muizen met humaan C-reactief proteine (hCRP)) of bij
het lipoproteinemetabolisme (ApoE*3Leiden.CETP-muizen). We opperen daarom dat
een extra trigger, naast hoogcalorisch eten, nodig is om metabole OA op te wekken.
Om te evalueren of een vetrijke voeding inderdaad de ontwikkeing van OA kan
verergeren, werd vetarm en vetrijk eten gecombineerd met een milde mechanische
stressor (Hoofdstuk 3). OA werd geinduceerd door microchirurgische destabilisatie
van de mediale meniscus (DMM) in wildtype C57BL/6] muizen. Dit posttraumatische
OA (PTOA) model is laag invasief en voldoende gevoelig om subtiele veranderingen
in ziekteprogressie te bestuderen door milde triggers zoals genetische achtergrond en
dieet. Vetrijke voeding (HFD) verhoogde inderdaad de ernst van de kraakbeenschade
in dit model en onze bevindingen wijzen op een rol voor zowel ontregeling van lipiden
als activatie van monocyten bij de progressie van OA. Op basis van deze resultaten
stellen wij voor dat deze systemische factoren kunnen bijdragen aan een door voeding
geinduceerde ontsteking die verergering van kraakbeenschade mogelijk maakt.

Om de effecten van een ontregeld lipidenmetabolisme op de ontstekingsstatus te
ontrafelen, hebben we de ontwikkeling van metabole ontsteking zowel lokaal (in
het kniegewricht) als systemisch (in het bloed) bestudeerd. In Hoofdstuk 4, een
uitbreiding van de studies beschreven in hoofdstukken 3 en 5, hebben we ons gericht
op de ontstekingsstatus van het lichaam van Hoffa (infrapatellar fat pad, IFP) tijdens
de ontwikkeling van OA. Er zijn aanwijzingen dat de [FP een potentiéle lokale bron van
ontstekingsmediatoren in de knie kan zijn en daarom kan bijdragenaan de progressievan
OA. De meest uitgesproken vetontsteking, gekenmerkt door ‘kroonachtige structuren’
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(crown-like structures, CLS), werd gevonden bij muizen die een vetrijk dieet kregen
bovenop een microchirurgische trigger (DMM). We zagen een aanzienlijk verhoogde
afzetting van de macrofaag marker iNOS als gevolg van DMM-chirurgie, duidend op
ontsteking, maar vonden geen verandering in de ontstekingsremmende macrofaag
marker CD206. Vetfibrose was minimaal, maar de chirurgische DMM ingreep leek
een trend naar verhoogde fibrose te veroorzaken. Deze data suggereren dat een vetrijk
dieet IFP metabolisch gezien ‘oplaadt’ en dat de combinatie van vetrijke voeding en
een trigger voor kraakbeenschade (zoals DMM) het gewricht in een metabole staat van
progressieve OA brengen.

Vervolgens hebben we de betrokkenheid van het aangeboren immuunsysteem bij de
ontwikkeling van dieet-geinduceerde OA onderzocht. Hiervoor hebben we mannelijke
muizen van een humaan C-reactieve proteine (hCRP) knock-in stam gedurende 38
weken voorzien van een vetrijk dieet (Hoofdstuk 5). We toonden aan dat hCRP-
transgene muizen een ernstiger verloop van OA ontwikkelden in vergelijking met hun
wildtype-controles op hetzelfde vetrijke dieet. Aangezien het tot expressie brengen
van het humaan CRP de enige variabele was tussen beide studiegroepen, impliceert
deze bevinding dat humaan CRP als een onafthankelijke trigger kan dienen om dieet-
geinduceerde OA te verergeren. Toegenomen werving van klassieke en niet-klassieke
monocyten kan een mechanisme zijn waarop humaan CRP betrokken is bij het
verergeren van OA.

Om de resultaten van hoofdstukken 3 en 5 uit te breiden, hebben we in Hoofdstuk 6 de
bijdrage geévalueerd van verhoogde plasma cholesterolwaarden aan de ernst van dieet-
geinduceerde OA. Cholesterol is zowel betrokken bij het lipidenmetabolisme als bij
ontsteking en is beschreven OA ontwikkeling te verergeren. Nieuwe, hoog-intensieve
cholesterolverlagende strategieén werden geévalueerd op hun werkzaamheid bij
het stoppen of verminderen van de progressie van reeds bestaande, door het dieet-
geinduceerde OA. We hebben onbeduidende effecten waargenomen van therapeutische
cholesterolverlagers op kraakbeenschade en suggereren dat cholesterolverlagende
behandelingen alleen waarschijnlijk niet effectief zijn in het voorkomen van progressie
van reeds bestaande OA. Wellicht verklaart de afwezigheid van ontsteking in dit model
de verminderde effectiviteit van de cholesterolverlaging.

Hoofdstuk 7 bevat de algemene discussie, waarin de belangrijkste bevindingen van dit
proefschrift in de context van de huidige kennis en ontwikkelingen in het artrose veld
worden geplaatst. Hier bespreken we de implicaties van bevindingen beschreven in dit
proefschrift en stellen we voor om het metabole OA subtype te zien als een aandoening
van het hele lichaam.
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Tijdens het uitvoeren van mijn PhD traject en het schrijven van mijn proefschrift ben ik
tweemaal bevallen - alles bij elkaar genomen voelt deze prestatie als de derde bevalling.
Ik heb ontzettend veel geleerd gedurende deze periode, ook dankzij mijn bijzondere
positie waardoor ik mijn onderzoek zowel bij TNO in Leiden als bij het UMC Utrecht
kon uitvoeren. Het was soms pittig, met ups en downs, en ik heb dan ook erg veel te
danken aan de steun van geweldige collega’s en andere mensen om mij heen. ledereen
die heeft bijgedragen aan dit proefschrift, direct of indirect, wil ik graag op deze plaats
bedanken - en een aantal hieronder in het bijzonder.

Geachte prof. dr. Weinans, beste Harrie, je kon mij altijd meeslepen in je
aanstekelijke enthousiasme en geweldige passie voor het vak. Onze communicatie liet
soms te wensen over, maar ik wist dat ik altijd op jou kon rekenen en dat waardeer ik
enorm. Heel erg bedankt voor de energie die je in mij en mijn onderzoek gestoken hebt
en voor je vertrouwen.

Geachte prof. dr. Lafeber, beste Floris, een typische professor, voor zover die
bestaan natuurlijk, wie er plezier in schepte advocaat van de duivel te spelen en met zo
kort mogelijke antwoorden communiceerde. Ik heb erg veel geleerd van jouw kijk op
onderzoek doen, met één been in de kliniek en één op het lab, en wil je daar ontzettend
voor bedanken. Ik vond het mooi dat je naast je professionele rol ook los durfde te zijn
en heb veel gelachen om je humor.

Geachte dr. Stoop, beste Reinout, met jou heb ik toch wel de hechtste band
opgebouwd; ontzettend bedankt voor je nimmer aflatende begeleiding en hulp, ook in
het lab, jij bent cruciaal geweest voor mijn PhD traject. Daarnaast denk ik ook met veel
plezier terug aan onze gezamenlijke fietstochten en culinaire uitspattingen buiten het
werk om. Ik hoop dat ik je nog veel zal blijven zien, aan de fysieke afstand tussen onze
woningen kan het in ieder geval niet liggen!

Geachte dr. Bobeldijk, beste Ivana, je kreeg mij in je schoot geworpen bij je nieuwe
baan als projectleider bij TNO MHR en hebt deze verantwoordelijkheid gracieus
opgepakt. Ik voelde mij op mijn gemak bij jou, kon altijd bij je binnenlopen en vond je
andere kijk op mijn onderzoek waardevol. Bedankt voor de fijne tijd en in het bijzonder
het leuke Keystone congres samen.

Geachte dr. Mastbergen, beste Simon, hoewel je niet officieel een co-promotor van
mij was, voelde dat in de praktijk toch zo. Je was wat dat betreft een man met twee
gezichten voor mij: bedankt voor je adviezen met betrekking tot mijn onderzoek, maar
ook voor je bijdrage aan de leuke sfeer bij onze uitjes buiten het werk om.

Geachte dr. Zuurmond, beste Anne-Marie, jij was één van de redenen voor mij om
toch opnieuw aan een PhD traject te beginnen. Bedankt voor de begeleiding en tijd die
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je mij hebt gegeven, ook nadat je aan je nieuwe baan begonnen was.

Dear members of the D-BOARD consortium, many thanks for the interesting
meetings and for constructively thinking along with our research. Dear Ferran, Srini,
Dave and Vicky, thank you for your collaboration and for sharing your expertise in the
field of lipidomics, the results of which have become an integral part to my thesis. Prof.
Dear Ali, it was always ‘gezellig’ with you! Thank you for everything, and in particular
for your contribution to Chapter 3.

Behdad, Parisa, en alle overige collega’s van de afdeling Orthopedie, bedankt voor de
constructieve meetings en jullie input op mijn onderzoek!

Huub, D-BOARD collega, het was fijn om samen met jou op te kunnen trekken.
Veel succes met je verdere carriére in de orthopedie! Reumatologie kamergenoten,
Thijmen, Nick, Jelena, Maartje, Lize, Eefje, Bart, Xavier, Astrid, de maandagen
waren dankzij jullie altijd een feestje. Bedankt voor het plezier op de werkvloer
en zeker ook daarbuiten, tijdens onze stedentrips! Nicoline, bedankt voor jouw
aanvullende begeleiding op het gebied van macrofagen en voor de leuke uitjes die je
hebt georganiseerd - voor mij en het Weinans team! En niet onbelangrijk: dankzij jou
en Kelly konden mijn IFP samples toch nog geanalyseerd en gepubliceerd worden,
daar ben ik jullie beiden ontzettend dankbaar voor! Paco, bedankt voor je hulp bij de
ingewikkeldere statistische analyses. Katja, Arno, Kim, Marion, Anne-Karien, en
alle overige Reumatologie collega’s, bedankt voor jullie input tijdens de meetings waar
ik veel van opgestoken heb en voor de fijne tijd bij jullie op de afdeling!

TNO MHR collega’s, de geweldige sfeer bij ons op de afdeling was één van de redenen
voor mij om dit PhD traject te starten. Graag wil ik jullie allemaal ontzettend bedanken
voor de fijne tijd, en in het bijzonder:

Lobke, bedankt voor jouw voorwerk en de duidelijke overdracht, daar heb ik veel aan
gehad. Frits, mijn rots in de branding, zonder jouw vrijwillige hulp was mijn PhD
traject een heel stuk lastiger, zo niet onmogelijk, geweest — ik ben jou ontzettend
dankbaar voor je hulp bij het ontkalken, het scoren, je adviezen, je hulp met de
confocal microscoop en wat al niet meer. Wat ben ik blij dat jij vandaag naast mij staat
als paranimf! Erik, wandelende histologie encyclopedie, ik prijs me gelukkig dat ik
van jou dit vak geleerd kreeg - bedankt voor alles, ook (of misschien vooral?) voor
je oneindige gemopper en hoekige humor. Wim, bedankt voor de leuke momenten
binnen en buiten het lab en voor het net missen van mijn hoofd toen die schuimspaan
enthousiast uit het handvat schoot. Christa en Joline, ervaren muizenchirurgen,
bedankt voor jullie adviezen omtrent het opereren en de nazorg van mijn proefdieren.
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Pascalle, als proefdierdeskundige heb ik veel aan jouw kennis en ervaring gehad bij het
ontwerpen en aanvragen van mijn dierproeven. Suzan, Marjolein en Renate, bedankt
voor de goede zorg en hulp omtrent mijn proefdieren. Anne, we hebben helaas kort
samengewerkt, maar jouw immunohistologische kennis en vaardigheden hebben een
enorme impact gehad op deze thesis. Heel erg bedankt voor je toewijding op dit vlak
en voor de gezellige lunchwandelingen. Stephan, in het onderzoek doen zit het niet
voor jou was. Bedankt voor je inzet en het werk dat je gedaan kreeg, ik wens je het
beste! Monica, dankzij jouw positieve instelling, incasseringsvermogen en enorme
doorzettingsvermogen heb je geweldige resultaten en twee terechte co-auteurschappen
behaald. Ik was trots te horen dat je nu een prachtige baan als analist gekregen hebt bij
Frits op de afdeling en ik wens je een geweldige carriére verder!

Collega TNOIO’s, Susan, Rob, Wen, Petra, Martine en Marianne, jullie hebben mij
helpen groeien; ontzettend bedankt voor de gezelligheid in en om het lab en voor jullie
ondersteuning (zowel praktisch als mentaal). Hans, jouw kennisvan het atherosclerose
veld is onmiskenbaar en bewonderenswaardig. Bedankt voorje uitstapje naar hetartrose
veld, waar jouw begeleiding en fijne samenwerking leidde tot Hoofdstuk 6! Elsbet, jij
toverde altijd een lach op mijn gezicht; alles wat jij voor mij en de afdeling gedaan hebt
valt onmogelijk samen te vatten in één zin. Heel erg bedankt voor je positiviteit, het
delen van je kennis, je hulp en adviezen met betrekking tot mijn onderzoek, de fijne
samenwerking die leidde tot Hoofdstuk 6, de hilarische woordspelingen en natuurlijk
de gezelligheid!

Coen, een fijnere manager dan jij had ik me in die tijd niet kunnen wensen. Bedankt
voor de kansen die je mij gegeven hebt als analist bij MHR en voor het behouden van de
goede sfeer op de afdeling ondanks het zware weer waar we in zaten. Han, ik had een
bijzondere positie als de enige overgebleven werknemer die aan artrose werkte, maar
daar heb jij als manager nooit een punt van gemaakt. Bedankt voor het meedenken en
faciliteren van de nodige accountverlengingen, dat heeft me erg geholpen.

Lieve familie, vrienden en vriendinnen, bedankt voor jullie interesse in mijn werk, maar
vooral ook voor de ontspanning en afleiding. Malou en Eva, PhD lotgenoten, bij jullie
vond ik de steun die ik nergens anders kon vinden: bedankt voor jullie vriendschap
en het delen van ervaringen, de reality checks en voor jullie onvoorwaardelijke steun
met betrekking tot mijn PhD traject. Ik ben ontzettend trots en blij, Malou, met jou
aan mijn zijde als paranimf! Lieve Ebeneters, Ebenhaezers, EbenhlJsers (en ga zo
maar door), bij jullie vond ik de ontspanning die ik af en toe hard nodig had - ik kijk
met veel plezier terug op onze weekenden en vakanties samen en hoop dat er nog vele
zullen volgen! Lieve Jay, ik wil jou ontzettend bedanken voor het ontwerpen van de
prachtige kaft van mijn boekje! Lieve Kim, we spreken elkaar niet zo regelmatig meer
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als vroeger, maar je blijft mijn allerbeste vriendin. Jij hebt een onmiskenbare stempel op
mijn leven gedrukt en daar ben ik je voor altijd dankbaar voor. Lieve Thijs, ik vind het
fijn nog steeds contact met jou te hebben, ook al wonen we elk aan de andere kant van
Nederland. Bedankt voor alle fijne telefoongesprekken! Lieve Rik en Martine, jullie
vriendschap betekent veel voor mij en ik hoop dat we nog vele jaren lichtjesfeesten
zullen blijven vieren. Het was geen makkelijke opdracht om een kunstwerk te maken
over mijn PhD project, Martine, maar jij hebt daar een geweldige invulling aan
gegeven — ontzettend bedankt voor deze kroon op mijn werk! Lieve Linde, mijn eerste
Voorschotense vriendin, bedankt voor jouw vriendschap! Ik hoop dat wij en onze
meiden elkaar nog veel zullen blijven zien!

Lieve Johnny, Monique, Freek en Renée, een fijnere schoonfamilie kan ik me haast
niet wensen. Bedankt voor jullie interesse in mijn onderzoek, maar vooral ook voor de
steun daarnaast, welke alleen door familie geboden kan worden!

Lieve Martijn, Annemieke, Laurens en Céline, hoe heerlijk was het dat wij
tegelijkertijd aan het grote avontuur van het starten van een gezin begonnen! Jullie
hebben het jullie misschien nooit gerealiseerd, maar ik heb erg veel aan jullie gehad en
ik ben ontzettend blij met jullie als familie!

Lieve pap en mam, ik weet niet waar ik moet beginnen jullie te bedanken. Jullie hebben
me een mooie jeugd gegeven en dragen nog dagelijks bij aan het welzijn in ons leven.
Voor jullie is nooit iets teveel en ik weet dat ik altijd op jullie terug kan vallen. Heel veel
dank voor jullie liefde, aanmoediging en onvoorwaardelijke steun over de jaren.

Lieve Lara en Ella, jullie zijn de allerliefste, leukste en knapste dochters van de hele
wereld en veel belangrijker voor mij dan dit boekje! Ik ben ontzettend trots op jullie en
kan niet wachten tot jullie zusje zich aandient.

Lieve Peter Paul, jij bent mijn alles en ik weet zeker dat ik zonder jou hier niet had
gestaan vandaag. Ik ben zo trots op en gelukkig met wat wij samen opgebouwd hebben.
Bedankt voor al je liefde, steun en relativering: zonder jou was dit boekje er nooit
gekomen. Bedankt ook voor de mooie momenten die we samen mee hebben mogen
maken - ik hoop dat er nog vele zullen volgen. Met jou kan ik de wereld aan!
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Anne Elisabeth Kozijn was born on the 17" of November 1985 in Apeldoorn, The
Netherlands. After obtaining her high school diploma at the Stedelijk Gymnasium
Apeldoorn in 2004, she attended Wageningen University to study Biotechnology.
During the broad BSc phase of this study she discovered that her interest lay primarily in
the biomedical sciences and organised her MSc Biotechnology around this perspective.
She dedicated the last year of her MSc study to the completion of two immunology-
oriented scientific internships, at the Department of Cell Biology and Immunology
of Wageningen University and at the Faculty of Medical Sciences from the Newcastle
University. Here, she participated in a research project from the Musculoskeletal
Research Group on the mechanisms underlying modulation of human Th17 responses
in rheumatoid arthritis which resulted in her first publication. This scientific internship
motivated her to continue doing research by means of a PhD track. She graduated from
Wageningen University in January 2010. From March 2010 onwards she worked as a
PhD candidate on the mechanisms behind tolerance induction to gluten within a celiac
disease research program at the Laboratory of Pediatrics, division Gastroenterology and
Nutrition, at the Erasmus Medical Centre under guidance of her promotor dr. Janneke
Samsom. She ceased this PhD track in May 2012 and started as a research assistant
at the Metabolic Health Research (MHR) Unit of the Netherlands Organisation of
Applied Scientific Research (TNO). At the same department, in collaboration with
the Orthopaedics and Reumatology Departments of University Medical Centre
Utrecht (UMCU), she started her PhD on biomarkers in osteoarthritis in July 2013.
She was guided by her promotors prof. dr. ir. Harrie Weinans (Orthopaedics, UMCU)
and prof. dr. Floris Lafeber (Rheumatology, UMCU) and her co-promotors dr. Anne-
Marie Zuurmond (TNO MHR) and later dr. Reinout Stoop (TNO MHR) and dr. Ivana
Bobeldijk-Pastorova (TNO MHR). The overall aim of this research was to explore how
metabolic overload contributes to the pathophysiology of knee osteoarthritis and the
results of this research are presented in this thesis.
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AA

AAALAC
Care
AAE
ACL
ADAMTS

AE

AF
ANGPTL3
ANOVA
AP

APC
APOE
APOC1
ARA
ARRIVE
BMI
BSA
CCL

CD

Cer
CETP
ChE

CI

CLS
COX
CRP
CVD

Cy

CYP
DAMP
DG
DHA
DHET
DMM
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Arachidonic acid (in Chapter 6 only: Atorvastatin + Alirocumab
treatment)
Association for Assessment and Accreditation of Laboratory Animal

Atorvastatin + Alirocumab + Evinacumab treatment (Chapter 6)
Anterior cruciate ligament

A disintegrin and metalloproteinase with thrombospondin motifs
protein family

Atorvastatin + Evinacumab treatment (Chapter 6)
Alexa Fluor

Angiopoietin-like 3

Analysis of variance

Alkaline phosphatase

Allophycocyanin

Apolipoprotein E

Apolipoprotein C1

Arachidonic acid

Animal Research: Reporting of In Vivo Experiments
Body mass index

Bovine serum albumin

CC chemokine ligand

Cluster of differentiation

Ceramides

Cholesteryl ester transfer protein

Cholesterol ester

Confidence interval

Crown-like structures

Cyclooxygenase

C-reactive protein

Cardiovascular disease

Cyanine

Cytochrome P450

Danger-associated molecular pattern
Diacylglycerols

Docosahexaenoic acid

Dihydroxyeicosatrienoic acid

Destabilization of the medial meniscus
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EDTA
EET
EH
ELISA
FACS
FELASA
FFA
FFPE
FITC
FMO
FSC

GI tract
GM-CSF
GR-1
hCRP
HDHA
HDL
HDL-C
HETE
HFD
HODE
HOMA-IR
HPS
HRP
IDL

IFP
IHC

IL
iNOS
IPFP
IQR

IS

LA
LDL
LDLr
LFD
LOX
LPB
LPC

Ethylenediaminetetraacetic acid
Epoxyeicosatrienoic acid

Epoxide hydrolase

Enzyme-linked immunosorbent assay
Fluorescence Activated Cell Sorting
Federation of European Laboratory Animal Science Associations
Free fatty acids

Formalin-fixed paraffin-embedded
Fluorescein isothiocyanate
Fluorescence minus one

Forward scatter

Gastrointestinal tract
Granulocyte-macrophage colony-stimulating factor
Antibody against Ly-6G/Ly-6C
Human C-reactive protein

Hydroxy docosahexaenoic acid
High-density lipoprotein
High-density lipoprotein-associated cholesterol
Hydroxyeicosatetraenoic acid
High-fat diet (45%kcal from fat)
Hydroxyoctadecadienoic acid

Insulin resistance index

Hematoxylin phloxine saffron

Horse radish peroxidase
Intermediate-density lipoprotein
Infrapatellar fat pad (Hoffa’s fat pad)
Immunohistochemistry

Interleukin

Inducible nitric oxide synthase
Infrapatellar fat pad (Hoffa’s fat pad)
Interquartile range

Internal standard

Linoleic acid

Low-density lipoprotein

Low-density lipoprotein receptor
Low-fat diet (10%kcal from fat)
Lipoxygenase
Lipopolysaccharide-binding factor
Lysophosphatidylcholine
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List of abbreviations

LPS
LTF
MAC
MCP-1
MFD
MHCII
MJOA
MMP
MMTL
MRI
MTF
MUFA
MWU
NAFLD
NASH
NBCS
NGF
NK cell
NS
NSAID
OA
OARSI
oxLDL
OxoODE
PBL
PBS

PC
PCA
PCSKog
PE
PerCP
PGH2
PGE2
PLA2
PLS-DA
PTOA
PUFA
QC

RA

222

Lipopolysaccharide

Lateral tibiofemoral compartment of the knee joint
Membrane attack complex

Monocyte chemoattractant protein-1

Mid-fat diet (30%kcal from fat)

Major histocompatibility complex class II
Multiple joint osteoarthritis
Metalloproteinase

Medial meniscotibial ligament

Magnetic resonance imaging

Medial tibiofemoral compartment of the knee joint
Monounsaturated fatty acid

Mann-Whitney U test

Non-alcoholic fatty liver disease
Nonalcoholic steatohepatitis

New-born calf serum

Nerve growth factor

Natural killer cell

Not significant

Nonsteroidal anti-inflammatory drug
Osteoarthritis

Osteoarthritis Research Society International
Oxidized low-density lipoprotein
Oxooctadecadienoic acid

Peripheral blood leukocytes
Phosphate-Buffered Saline
Phosphatidylcholine

Principal component analysis

Proprotein convertase subtilisin/kexin type 9
Phycoerythrin

Peridinin Chlorophyll Protein Complex
Prostaglandin H2

Prostaglandin E2

Phospholipase A2

Partial least squares discriminant analysis
Post-traumatic osteoarthritis
Polyunsaturated fatty acid

Quality control

Rheumatoid arthritis



List of abbreviations

ROI
RT

SD
sEH
sEHi
SEM
SFA
SPF
SPM
SSC

T cell
TBS
TG
TGF-B
TLR
TNF-a
TNFR
VEGF
VHFD
VLDL
WTD

Region of interest

Room temperature

Standard deviation

Soluble epoxide hydrolase

Soluble epoxide hydrolase inhibitor
Standard error of the mean
Saturated fatty acids
Specific-pathogen-free
Sphingomyelin

Side scatter

Type of lymphocyte which develops in the thymus gland
Tris-buffered saline

Triglycerides

Transforming growth factor 3
Toll-like receptor

Tumor necrosis factor o

Tumor necrosis factor receptor
Vascular growth factor
Very-high-fat diet (60%kcal from fat)
Very-low-density lipoprotein
Western-type diet
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