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1. INTRODUCTION 

Osteoarthritis (OA) is the most common form of arthritis and the most prevalent 
musculoskeletal disorder, causing pain. It primarily affects diarthrodial joints and 
is a progressive degenerative disease that mainly occurs in adults, leading to 
structural and functional deterioration of articular cartilage (AC) and periarticular 
tissues. The prevalence of OA increases significantly with age, with most cases 
occurring after the age of 40. The rising incidence of OA is largely attributed to 
the ageing population (Palazzo et al., 2016). OA is often associated with chronic 
pain and functional disability, both of which significantly impair the quality of 
life of patients. Despite being the most common progressive musculoskeletal 
condition, its pathophysiology remains not fully understood (O’Neill et al., 2018). 

Traditionally, OA has been described as a ‘wear and tear condition’. However, 
recent evidence highlights its complex and multifactorial nature. Although 
cartilage loss is the primary pathological feature, OA is now recognized as a 
disorder that affects the entire joint, causing inflammation and pathological 
changes in the bone and soft tissues, including the synovium, menisci, and liga-
ments (Wilder et al., 2002). OA is characterized by debilitating pain, joint stiff-
ness, swelling, and loss of mobility. In addition to its physical impact, OA has 
been linked to an increased risk of mental health disorders and cardiovascular 
diseases. Several risk factors contribute to OA development, including ageing, 
traumatic knee injury, obesity, genetic predisposition, abnormal mechanical 
stress, and inflammation by infection or surgery (Niu et al., 2009; Palazzo et al., 
2016; Long et al., 2022). 

The knee is the most commonly affected joint, with an estimated global pre-
valence of 365 million, followed by OA of the hip and hand (Watt, 2021). Knee 
OA (kOA) is more prevalent in women than in men, with an estimated prevalence 
of 10% in men and 13% in women among individuals aged 60 years and older 
(O’Neill et al., 2018). Although the precise mechanisms underlying the initiation 
and progression of kOA are not fully elucidated, studies suggest a complex inter-
play of mechanical, biochemical, and genetic factors (Xin et al., 2021). 

The diagnosis of OA is typically based on clinical symptoms and radiographic 
findings, which often reveal an advanced disease when surgical intervention is 
required (Felson & Hodgson, 2014). Molecular changes associated with OA 
occur much earlier than the noticeable clinical symptoms (Valdes, 2020). Con-
sequently, there has been a growing interest in identifying biomarkers that can 
detect cartilage degradation, provide insights into disease-related biological activity, 
and predict disease progression (Mobasheri, 2012; Rodriguez-Merchan, 2023). 

Despite extensive preclinical research, no definitive cure for OA currently 
exists. The limited understanding of the molecular mechanisms driving OA patho-
genesis has hindered the development of effective therapeutic strategies. Various 
types of disease-modifying OA drugs (DMOAD) have been investigated, in-
cluding anti-cytokine therapy (tanezumab, AMG 108, adalimumab, etanercept, 
anakinra), enzyme inhibitors (M6495, doxycycline, cindunistat, PG-116800), 
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growth factors (bone morphogenetic protein-7, sprifermin), gene therapy (micro 
ribonucleic acids, antisense oligonucleotides), peptide hormones (such as calci-
tonin) and others (SM04690, senolitic, transient receptor potential vanilloid 4, 
neural EGFL-like 1, TPCA-1, tofacitinib, lorecivivint and quercitrin), as well as 
stem cell therapies (e.g., spheroids of chondrocytes). However, these strategies 
have yet to demonstrate consistent efficacy and safety in OA treatment (Rodriguez-
Merchan, 2023). Currently, total knee arthroplasty (TKA) remains the primary 
treatment for advanced kOA, a practice that has remained largely unchanged 
since its introduction in 1968. The continued reliance on surgical intervention 
highlights the urgent need for early-stage therapeutic strategies to halt OA pro-
gression before irreversible joint damage occurs (O’Neill et al., 2018). Further-
more, OA is increasingly recognized as a heterogeneous condition with distinct 
subtypes (endotypes), adding another layer of complexity to its pathogenesis and 
treatment. Surgery often does not prevent damage to the other knee, suggesting OA 
may be a more systemic disease than previously thought. Multiple joint involve-
ment, such as both knees/hip combinations, is common (Metcalfe et al., 2012). 

In this study, we aimed to investigate the expression of previously identified 
molecular markers associated with the pathogenesis of OA. Specifically, we 
examined cartilage intermediate layer protein 2 (CILP-2), discoidin domain 
receptor 2 (DDR2), and type II collagen (Col2) cleavage neoepitope (C2C) in OA 
cartilage. These biomarkers have the potential to improve our understanding of 
OA progression and aid in the development of targeted diagnostic and therapeutic 
strategies. 
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2. REVIEW OF LITERATURE 

2.1. Prevalence of OA 
Osteoarthritis (OA) is the most common form of arthritis and is considered the 
most frequent chronic joint disease affecting millions of people worldwide 
(Bijlsma et al., 2011; O’Neill et al., 2018; Pereira et al., 2015; Chen et al., 2024). 
However, the prevalence of OA varies depending on which joints are affected. 
The most commonly affected joint is the knee, followed by the hand and hip 
(Hunter & Bierma-Zeinstra, 2019). 

Due to the ageing of the population, the incidence of OA is increasing signi-
ficantly. OA represents a major public health concern as the progressive disease 
has a significant impact on mobility, strongly affecting the patients’ quality of 
life. In 2020, approximately 595 million people were affected by OA, which is 
about 7.6% of the global population, and have been increased in total cases 
132.2% since 1990 (GBD [Global Burden of Disease Study], 2023). From an 
economic perspective, arthritis-related hospitalizations ranked as the second most 
costly in the United States, amounting to approximately $20 billion in 2017 
(Liang et al., 2020). While ageing is a key risk factor, the increasing prevalence 
of OA is also strongly associated with rising obesity rates (Badley et al., 2020). 
Different studies of prevalence have shown that OA generally develops after the 
age of 40 years, and most people over the age of 65 years experience this patho-
logy (Buckwalter & Martin, 2006). The correlation between OA and age is well 
known, but the mechanisms leading to the development of OA are not clearly 
understood (Loeser, 2010). The notable trait is that OA occurs more in women 
than in men, with a global age-standardized prevalence in 2020 of 8,058.9 per 
100,000 (95% uncertainty intervals: 7,251.9–8,867.9) for women and 5,780.1 per 
100,000 (95% uncertainty intervals: 5,217.8–6,341.2) for men (Courties et al., 
2024). 

An analysis of skeletal remains from prehistoric times to the present revealed 
that kOA long existed at low frequency, but since the mid-20th century, the 
disease has doubled in prevalence (Wallace et al., 2017). This finding challenges 
the notion that the recent increase in kOA is solely attributable to longer life 
expectancy and higher obesity rates, suggesting that additional environmental and 
lifestyle factors unique to the postindustrial era contribute to disease patho-
genesis. 

Targeting the modern-day environmental factors in OA pathogenesis, it has 
been proposed that OA is an evolutionary mismatch disease, where humans are 
imperfectly adapted to modern environmental conditions. This hypothesis sug-
gests that changes in physical activity patterns, prolonged sedentary behaviour, 
and the systemic and local low-grade inflammation associated with obesity may 
contribute to OA development (Berenbaum et al., 2018). 
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2.2. OA contributing risk factors 
OA is a multifactorial disorder; the risk factors for OA can be categorized into 
person-level factors, such as age, gender, obesity, genetics, diet, and joint-level 
factors, including injury and abnormal loading of the joints (Johnson & Hunter, 
2014). Understanding the interplay between these factors is essential for deve-
loping targeted prevention strategies and personalized treatment approaches to 
mitigate OA progression and improve patient outcomes. 

Obesity, defined as a body mass index (BMI) greater than 30 kg/m2, is strongly 
linked to kOA with 6.8 times more risk to the development of kOA than normal-
weight controls (King et al., 2013). A meta-analysis of 22 studies found a pooled 
odds ratio (OR) of 2.66 (95% CI [confidence interval] 2.15–3.28) for this associa-
tion. The authors reported a large amount of heterogeneity (I2 statistic up to 98%) 
between the study findings, but all studies were generally consistent in reporting 
being obese as a risk factor for the onset of kOA. On the other hand, the relation-
ship between being overweight (BMI > 25 kg/m2) and kOA is weaker but still 
significant, with a pooled OR of 1.98 (95% CI 1.57–2.20) (Silverwood et al., 
2015). The ORs in Silverwood et al.’s meta-analysis for the association of each 
potential risk factor with knee pain were extracted (or calculated where informa-
tion allowed) from each paper included in the final review and then combined 
into the pooled OR. The relationship between BMI and kOA is primarily linear, 
with the duration of increased joint loading or weight gain also being significant. 
27% of hip arthroplasty cases and 69% of knee arthroplasty cases may be 
attributed to obesity (Grazio & Balen, 2009). 

Ageing is one of the leading risk factors of OA (Felson et al., 2000). Ageing 
entails specific changes in joint morphology, biochemical composition, and cell 
signalling. Our joints experience repetitive loading throughout our lives, which 
can lead to tissue failure and progressive damage (O’Brien & McDougall, 2019). 
Due to ageing, various molecular pathways in the joint become deregulated, 
thereby affecting the homeostasis of the cartilage extracellular matrix (ECM). 
This leads to a disruption in its architecture and a progressive deterioration of its 
biomechanical properties. The exact mechanisms underlying joint damage in OA 
remain incompletely understood; however, they are believed to be multifactorial. 
Contributing factors may include oxidative stress, traumatic injuries that worsen 
with ageing, cartilage thinning, muscle weakness, and impaired proprioception, 
all of which play a role in joint dysfunction (Litwic et al., 2013). 

As mentioned in the introduction, the prevalence of hip, knee, and hand OA 
is higher in women than in men, with the incidence increasing around menopause 
(Srikanth et al., 2005). It is suspected that hormonal factors play a role in the 
development of OA; nevertheless, the results in this field are conflicting, and a 
direct causal relationship with hormonal involvement has yet to be conclusively 
established (de Klerk et al., 2009). The difference between men and women might 
be attributed to other factors such as reduced cartilage volume, bone loss, or lack 
of muscle strength (Johnson & Hunter, 2014). 
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It is assumed that genetic factors account for approximately 40% of kOA 
development (Palazzo et al., 2016). Although OA is not a monogenic disease, 
multiple genes are believed to contribute to its onset and progression. Identifying 
these genetic factors could provide valuable insights into disease pathophysio-
logy and serve as potential targets for future pharmacological interventions (e.g., 
genes encoding the vitamin D receptor, insulin-like growth factor 1, Col2, and 
growth differentiation factor 5, SMAD3, IL-6) (Palotie et al., 1989; Chapman et 
al., 2008; Evangelou et al., 2009; Valdes et al., 2010a; Valdes et al., 2010b). 

Trauma is a significant contributing factor to the development of OA, with the 
knee being one of the most frequently injured joints. Knee injuries are well-
established risk factors for OA. Major trauma, such as an anterior cruciate liga-
ment (ACL) rupture, leads to post-traumatic osteoarthritis (PTOA) in 25–50% of 
patients (Evers et al., 2022). While primary OA typically affects older patients, it 
is crucial to note that the younger population faces a disproportionately high risk 
of knee injury and secondary PTOA. This heightened risk stems from the in-
creased incidence of knee injuries among younger individuals (Le et al., 2021; 
McGuine et al., 2014; Lam & Markbreiter, 2019). Current knee injury treatment 
aims to relieve pain and symptoms with non-operative treatment or, in case of 
need, surgical repair. Although surgery can increase activity levels, it does not 
reduce the incidence of PTOA (Chalmers et al., 2014; Muthuri et al., 2011; Loh-
mander et al., 2007; Gelber et al., 2000; Lohmander et al., 2004). 

2.3. Role of inflammation in OA 
Inflammation plays an important role in the pathogenesis of OA, characterized by 
different interactions between tissues and molecular pathways (De Roover et al., 
2023). Several molecules released by chondrocytes, synoviocytes, and infiltrating 
immune cells, including cytokines, chemokines, and matrix metalloproteinases 
(MMPs), participate in joint anabolism and catabolism regulation processes 
(Chow & Chin, 2020). 

For long, OA has been characterized as a relatively simple ‘wear and tear’ 
disease leading to the breakdown of cartilage. The progress in molecular biology 
during the 1990s has significantly changed this paradigm. It was discovered that 
many soluble mediators, like cytokines or prostaglandins, can increase the 
production of MMPs by chondrocytes, and this understanding led to the first steps 
of an ‘inflammatory’ theory (Berenbaum, 2013). But it took a decade until syno-
vitis was accepted as a critical feature of OA. Now, some studies are opening the 
possibility to view inflammation as the conditional driver of the OA process. 
Experimental data also suggests that subchondral bone may play a crucial role in 
the OA process. It acts as a mechanical damper and also serves as a source of 
inflammatory mediators involved in the OA pain process and the degradation of 
the deep layer of cartilage. The involvement of inflammatory processes in the 
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progression of OA and its associated pain is supported by the documented effi-
cacy of glucocorticoids and non-steroidal anti-inflammatory drugs (NSAIDs) in 
providing symptomatic relief for OA patients. 

Initially thought to be driven by cartilage, it has become clearer that OA is a 
much more complex disease involving the mediators released by cartilage, bone, 
and synovium (Kapoor et al., 2011; Loeser et al., 2012; Goldring & Otero, 2011). 
 
 

2.4. Concept of OA as a whole joint disease 
As emphasized above, OA has traditionally been considered a ‘wear and tear’ 
disease caused by injury or abnormal mechanical loading leading to an increased 
pressure of weight-bearing joints. Under normal conditions, articular chondro-
cytes exhibit low metabolic activity and a limited regenerative capacity, resulting 
in a very poor ability to repair the damage. In addition, unlike other tissue types, 
AC has avascular, aneural, and alymphatic matrix, further undermining regenera-
tive capacities (Aigner & Fan, 2003). 

It has now become clearer that not only cartilage but the entire joint is involved 
in the development of OA. A joint is a complex structure where different com-
ponents, such as the AC, meniscus, subchondral bone, and synovial membrane, 
offer sufficient mechanical and functional support to maintain a healthy joint 
(Szponder et al., 2022). A detailed arrangement of a normal knee joint is illu-
strated in Figure 1. 

The subchondral bone (consisting primarily of mineralized type I collagen 
[Col1]) helps the AC (consisting primarily of Col2 and proteoglycans) to provide 
a surface for joint movement (Giorgino et al., 2023). The menisci, composed of 
fibrocartilage, play an important role in the attenuation of mechanical forces due 
to their structural content of water, proteoglycans, and collagen. The synovial 
membrane produces synovial fluid (composed generally of hyaluronic acid [HA] 
and lubricin) to lubricate the articular space (Kuyinu et al., 2016). 
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Figure 1. Healthy knee joint (articulatio genus) anatomy. The human body’s largest and 
most complex joint is a synovial joint. This joint is articulated by three bones – the femur, 
tibia, and patella. The distal ends of the femur and tibia are significantly thickened and 
divided into lateral and medial condyles. The femur and tibia form the femorotibial joint 
(a weight-bearing component of the knee joint), and the femur and patella form the 
femoropatellar joint. The ends of the articulating bones are covered with smooth AC. 
Between the condyles of the femur and tibia are located semilunar-shaped fibrocarti-
laginous structures – the menisci. A dual-layer capsule surrounds the knee joint. The 
capsule consists of an external fibrous layer and an internal synovial membrane. The 
primary function of the synovial membrane is to create synovial fluid, which helps to 
reduce friction between the ACs of synovial joints during movement. Hoffa’s infra-
patellar fat pad (IPFP) is a structure located below the patella, between the joint capsule’s 
external fibrous layer and internal synovial membrane (Drawing by R. T. Moss; Re-
produced with permission). 

2.4.1. Articular cartilage 

AC is the highly specialized tissue covering synovial or diarthrodial joints at the 
end of the bones (Sophia Fox et al., 2009). The main function of AC is to provide 
a smooth, lubricated surface for low-friction articulation and to facilitate the 
transmission of loads with a low frictional coefficient (Blalock et al., 2015). AC 
comprises a sparse distribution of specialized cells known as chondrocytes and a 
dense ECM. The ECM primarily consists of tissue fluid, Col2, and proteoglycans 
(Xia et al., 2014). This tissue is known for its high water content – in normal AC 
tissue, fluid accounts for 65%–80% of total weight (Mow et al., 1992). Two major 
macromolecules of ECM are Col2 and the sulfated proteoglycan, aggrecan 
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(Vincent et al., 2022). Col2 together with proteoglycans contribute to retaining 
water in the ECM, which is essential for maintaining its unique mechanical 
properties (Sophia Fox et al., 2009). Col2 represents 15–22% and proteoglycans 
4–7% of the wet weight of cartilage (Jackson & Gu, 2009). Other collagens 
including types V, VI, IX, X, XI, XII, and XIV (Eyre et al., 2002) and proteo-
glycans, such as decorin, biglycan, fibromodulin, lumican, epiphycan, and per-
lecan (Knudson & Knudson, 2001), constitute a small portion (less than 5%) of 
the normal cartilage composition. Cartilage-specific cells – chondrocytes, the 
only cell type present in this tissue, make up less than 5% of the total tissue volu-
me (Yousefi et al., 2015). These cells are responsible for maintaining and gene-
rating ECM (Goldring & Marcu, 2009). 

As AC is an avascular tissue, chondrocytes depend on the diffusion of 
nutrients and metabolites from the articular surface (Poole, 1997). The thickness 
of normal knee AC is from 1.79 ± 0.26 mm to 3.13 ± 0.54 mm (Guo et al., 2024). 

2.4.1.1. The zones of articular cartilage 

AC consists of fibres, composed primarily of Col2. The size and orientation of 
collagen fibres in AC depend on the tissue depth, which varies from the articular 
surface to the subchondral bone. This results in three distinct zones: the super-
ficial zone, the middle zone, and the deep zone (Hamerman, 1989). 

The superficial (tagential) zone (Figure 2) makes up about 10–20% of the 
cartilage thickness, and the main role of this layer is to protect the deeper layers 
from shear stresses (Chen et al., 2013). The collagen fibres of this zone (mainly 
Col2 and type IX collagen) are located parallel to the articular surface and packed 
tightly. This surface layer contains a relatively high number of flattened chondro-
cytes, and this layer’s integrity is imperative in the protection and maintenance 
of deeper layers. The superficial zone is in contact with synovial fluid and is 
responsible for most tensile strength of cartilage, which allows it to resist the 
tensile, shear, and compressive forces imposed by articulation (Mansfield et al., 
2015; Sophia Fox et al., 2009). The superficial layer of cartilage plays a critical 
role in regulating water content, thereby maintaining the tissue’s structural inte-
grity and biomechanical properties. Early damage to the superficial layer of the 
cartilage disrupts water homeostasis, leading to altered hydration levels and 
contributing to the formation of initial cartilage lesions. These changes sub-
sequently compromise the load-bearing capacity of the cartilage, accelerating 
degenerative processes (Basso et al., 2020). 

Next to the superficial zone is the middle or intermediate zone, which ensures 
a functional and anatomical bridge between the superficial and deep zones. The 
middle zone forms 40–60% of the total cartilage volume, and it contains thicker 
collagen fibrils and proteoglycans. The collagen fibres are organized obliquely in 
this layer, and the chondrocytes are at low density and spherical. The middle zone 
is functionally the first line of resistance to compressive forces (Ulrich-Vinter et 
al., 2003). 
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In the deep zone, collagen fibrils are arranged perpendicularly to the articular 
surface. This zone is responsible for providing the greatest resistance to com-
pressive forces. The deep zone consists of the largest diameter collagen fibrils in 
a radial position, the lowest water content, and the highest proteoglycan content. 
The chondrocytes are squared in columnar orientation, perpendicular to the joint 
line and parallel to the collagen fibres. The deep zone forms approximately 30% 
of AC volume (Sophia Fox et al., 2009). 

Additionally, there is a mineralized layer of calcified cartilage present at the 
interface between the cartilage matrix and subchondral bone – a tidemark (Arden 
& Nevitt, 2006). The tidemark separates the cartilage deep zone from the calcified 
cartilage. This zone is responsible for providing the greatest amount of resistance 
to compressive forces, containing high proteoglycan content. In this layer, the 
collagen fibrils are arranged perpendicular to the AC. The calcified layer has an 
essential role in securing cartilage to the bone by binding collagen fibrils of the 
deep zone to the subchondral bone. The cell population in this zone is scarce, and 
chondrocytes are hypertrophic (Sophia Fox et al., 2009). 

Figure 2. Structure of articular cartilage. A – Schematic diagram of chondrocyte orga-
nization in the three main zones of the uncalcified cartilage (STZ – superficial tangential 
zone), the tidemark, and the subchondral bone. B – Diagram of collagen fibre architecture 
and orientation (Drawing based on Buckwalter et al., 1994). 

The unique arrangement of collagen fibres and the high osmotic pressure 
generated by proteoglycans provide the cartilage matrix with distinct biomecha-
nical properties, allowing it to endure various mechanical stresses (Kafian-Attari 
et al., 2023). 
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2.4.1.2. Articular cartilage cells and extracellular matrix 

As already mentioned, most of the cartilage tissue is composed of ECM, where 
the specific cells (chondrocytes) are enclosed (Karuppal, 2017). These cells pro-
liferate and secrete ECM components to maintain and sustain the cartilage matrix 
(Akkiraju & Nohe, 2015). ECM separates chondrocytes from each other (Archer 
& Francis-West, 2003). Chondrocytes respond to external stimuli and tissue 
damage and play a responsible role in degenerative conditions like OA (Akkiraju 
& Nohe, 2015). The diameter of chondrocytes varies between 7 and 30 µm 
according to the anatomical layer (Şenol & Özer, 2020). Chondrocytes, derived 
from mesenchymal stem cells (MSCs), operate in an environment with low oxy-
gen and low metabolic activity, containing in nature low mitochondrial numbers 
(Archer & Francis-West, 2003; Bhosale & Richardson, 2008). As all chondro-
cytes exhibit mechanosensitive properties, they ensure the mechanical and func-
tional capacity to endure compressional, tensile, and shear forces across the 
diarthrodial joints (mainly through production of ECM) (Akkiraju & Nohe, 
2015). In the superficial and middle zone, the main role of chondrocytes is to 
synthesize ECM consisting of Col2, type IX, and XI collagen, as well as proteo-
glycans. In the deep zone, the chondrocytes are irretrievably differentiated and 
actively synthesize type X collagen (Sophia Fox et al., 2009). 
 

2.4.1.3. Chondrocytes and chondroptosis 

Chondrocyte apoptosis, also referred to as chondroptosis, plays a significant role 
in the progression of AC degeneration in OA and is implicated in various cartilage 
disorders (Salucci et al., 2022). The survival of chondrocytes is crucial for main-
taining the proper cartilage matrix. Compromising the function and survival of 
these cells would lead to AC failure (Hwang & Kim, 2015). Cartilage degenera-
tion in ageing human AC is associated with a declining chondrocyte population, 
which impairs the tissue’s ability to effectively regenerate and remodel (Adams 
& Horton, 1998). ‘Chondroptosis’ is the term that was coined to depict the type 
of cell death that is generally observed in chondrocytes, considering the fact that 
chondrocytes do not undergo apoptosis in a classical way (Aigner et al., 2004). 

Chondroptosis has similar features to classical apoptosis, including the in-
volvement of caspases (Matsuo et al., 2001), shrinkage of the cell, and condensed 
chromatin contained in the nucleus. However, condensed chromatin appearance 
in the nucleus is distinct. In chondroptosis, chromatin is scattered in patches 
throughout the nucleus, while in apoptosis, chromatin is aggregated in large masses 
and found at the margins of the nucleus membrane. Regarding cytoplasmic 
changes, drastic discrepancies distinguish chondroptosis from apoptosis. Diffe-
rent from apoptosis, where no increase of organelles is observed, chondroptosis 
cell death leads to the significant expansion of the rough endoplasmic reticulum 
(rER) and the Golgi apparatus (Charlier et al., 2016). In the chondroptotic pro-
cess, cell elimination is phagocytosis-independent and involves self destruction 
mediated by three ultrastructural phenomena: (I) increased Golgi membrane and 
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ER create compartments where cytoplasmic components and organelles are 
digested (Pérez et al., 2005); (II) multiple autophagic vacuoles formation; and 
(III) cellular material extrusion into the lacunae space, leaving vesicular debris
and remnants, which are distinct from the apoptotic bodies formed during apoptosis.
In the final stage of chondroptosis, the lacunae are left empty (Roach et al., 2004).

2.4.1.4. Extracellular matrix and pericellular matrix 

The ECM of the cartilage can be categorized into three distinct regions: peri-
cellular, territorial, and interterritorial (Sophia Fox et al., 2009). 

The pericellular matrix (PCM), clearly detectable by transmission electron 
microscopy (TEM), is a strict matrix region surrounding the chondrocytes that 
differs both biomechanically and biochemically from the other regions of carti-
lage ECM (Wilusz et al., 2014). The thickness of this specific region is appro-
ximately two to four µm (Guilak et al., 2018). Each chondrocyte, together with 
its surrounding PCM, is termed a chondron (Zhang, 2015). The term chondron is 
derived from chondrone, which was devised in the 19th century by Benninghoff, 
who observed altered matrix structure encircled around chondrocytes using for 
this purpose polarized light (Benninghoff, 1925). In later studies, it was found 
that chondrons contain a large volume of proteoglycans and Col2, type VI and IX 
collagens. Also, it was revealed that PCM is primarily defined by the presence of 
type VI collagen, fibronectin 1, and the proteoglycans – perlecan and biglycan 
(Poole et al., 1987; Poole et al., 1988; Kvist et al., 2008; Miosge et al., 1994). 
Since every chondrocyte is surrounded by PCM, it means that every chemical or 
physical signal that the chondrocyte receives is mediated by the PCM (Guilak et 
al., 2018). The significant role of the PCM has been emphasized in a review 
discussing its protective effects against the development of OA (Liu et al., 2018). 
It is assumed that the degradation of the PCM structure could be one of the first 
signs of the onset of OA. Increased interaction of Col2 fibrils with cell surface 
receptors, possibly via DDR2, has been suggested to influence chondrocyte 
metabolic activity and intracellular signalling pathways (Liu et al., 2018; Hu et 
al., 2006; Polur et al., 2010; Stevens et al., 2009). DDR2 binding to Col2 has been 
found to up-regulate matrix metalloproteinase 13 (MMP-13) production in 
chondrocytes (Xu et al., 2005). This process leads to the degradation of Col2 in 
the cartilage matrix (Holt et al., 2012). Although the osteoarthritic cartilage ECM 
has been the focus of extensive studies, increasing evidence indicates that 
numerous influences and characteristics of OA are demonstrated and potentially 
initiated in the PCM (Guilak et al., 2018). 

The PCM is surrounded by the territorial matrix, which consists of a dense 
meshwork of thin collagen fibres that form a capsule-like structure around the 
cells, providing mechanical protection to the chondrocytes (Guilak & Mow, 
2000). The territorial matrix is thicker than the PCM, and it is assumed that this 
matrix may protect cartilage cells from mechanical stresses. It may also contri-
bute to the resiliency of the AC structure, enabling it to withstand substantial 
loads (Szirmai, 1969). 
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The interterritorial matrix is the largest of the three matrix regions and contri-
butes the most to the biomechanical properties of AC (Mow & Guo, 2002). This 
region features differently oriented bundles of large collagen fibrils, arranged 
parallel to the surface in the superficial zone, obliquely in the middle zone, and 
perpendicular to the joint surface in the deep zone. Proteoglycans are abundant in 
this zone (Sophia Fox et al., 2009). 
 

2.4.1.5. Collagens of articular cartilage 

Collagens are the most abundant family of ECM proteins, which in healthy adult 
AC accounts for about two-thirds of the dry weight (Luo et al., 2017; Eyre, 2002). 
Mature AC principally consists of tissue fluid, Col2, and proteoglycans (Xia et 
al., 2014). Col2 and aggrecan are major ECM proteins in cartilage (Frazer et al., 
1994). The Col2 molecule is the fundamental structural component of AC. It is 
composed of three identical α polypeptide chains of 1060 amino acid residues, 
arranged in a large triple helix and comparatively brief nonhelical telopeptides 
consisting of 19 amino acid residues in N-telopeptide and 27 amino acid residues 
in C-telopeptide (Dejica et al., 2012; Antipova & Orgel, 2010). In addition to 
Col2, type IX and XI collagens are considered the main collagens in AC of a 
healthy joint (Alcaide-Ruggiero et al., 2021). Other collagens, such as types I, III, 
IV, V, VI, X, XII, XIV, XVI, XXII, and XXVII, are minor collagens, represented 
in a small amount in the normal cartilage (Alcaide-Ruggiero et al., 2021). Cur-
rently, between 28 and 29 types of collagen have been identified (Sorushanova et 
al., 2019; Fidler et al., 2018; Regoli et al., 2020). In normal AC, Col2 constitutes 
96% of the collagen content. Col1 constitutes only 0.2% of the healthy AC 
collagen content (Dickinson et al., 2005), but in cases of any damage or pathology 
of AC, an increase in Col1 can be found (Alcaide-Ruggiero et al., 2021). In 
mature AC, chondrocytes are responsible for synthesizing and maintaining carti-
lage matrix components, such as Col2 and proteoglycans, along with degrading 
enzymes, ensuring minimal turnover of cells and matrix (Xia et al., 2014). As 
explained above, collagen fibrils of AC mainly consist of Col2, accompanied 
with a lesser amount of minor collagens, which contribute to the physical pro-
perties of the matrix and help to provide cartilage with tensile strength (Luo et 
al., 2017; Heinegård & Saxne, 2011; Ichimura et al., 2000). Nevertheless, little is 
known about the processing of these minor collagens and how their turnover is 
induced by the progression of OA (Luo et al., 2017). It is detected that OA 
transforms Col2, the main collagen, to a mixture of types I, II, and III collagens. 
OA can prompt 100-fold upregulation in Col1 (Miosge et al., 2004), a 5-fold 
downregulation of Col2 (Lahm et al., 2010), and a 6-fold upregulation of type III 
collagen (Alcaide-Ruggiero et al., 2021; Bielajew et al., 2020). In addition, it has 
been noticed that a higher amount of type VI collagen is detected in osteoarthritic 
cartilage, which could be an outcome of a protective effect for chondrocytes 
(Alcaide-Ruggiero et al., 2021; Hosseininia et al., 2019). 
 



22 

2.4.1.5.1. Col2 neoepitopes (CTX-II, C1,2C, C2M and C2C) 
As the Col2 macromolecule is the major structural component of AC (Martel-
Pelletier et al., 2008), the breakdown of collagen is considered to be a critical and 
possibly irreversible point in the progression of OA (Eyre, 2002). Col2 undergoes 
breakdown assisted by proteolytic enzymes, including MMPs (Burrage et al., 
2006). MMPs, like collagenases MMP-1, MMP-8, and MMP-13, possess the 
ability to cleave the natural triple-helix structure of collagen (Vincenti & Brincker-
hoff, 2002). As a result of cleavage, two new peptides are formed, three-quarter-
length and one-quarter-length of mature Col2, with specific neoepitopes at cleavage 
sites (Bay-Jensen et al., 2022; Bay-Jensen et al., 2008). Such neoepitopes include 
C-terminal telopeptide of Col2 (CTX-II) (Garnero et al., 2001), Col1 and Col2
cleavage products (COL2-3/4C Short; C1,2C) (Billinghurst et al., 1997), matrix
metalloproteinase (MMP)-derived Col2 neoepitope (C2M) (Bay-Jensen et al.,
2011), and Col2 C-terminal cleavage neoepitope (C2C) (Poole et al., 2004)

CTX-II presence has been detected in serum and urine. It is referred to as 
sCTX-II in serum and uCTX-II in urine (Oliviero & Ramonda, 2021; van Spil et 
al., 2010). Moreover, uCTX-II, shown to be associated with the progression of 
OA, is currently one of the most extensively studied OA biomarkers (Bay-Jensen 
et al., 2016). CTX-II has been found to be present not only in the damaged carti-
lage but also in the tidemark and calcified cartilage at the bone interface (Huebner 
et al., 2014). Furthermore, CTX-II is assumed to be a marker of subchondral bone 
degeneration (van Spil et al., 2013). 

C1,2C levels have been found to be higher in OA cartilage compared to 
healthy samples. However, it has been noted that the accuracy of the C1,2C assay 
is compromised due to its tendency to cross-react with Col1, which is primarily 
indicative of bone turnover (Huebner et al., 2014). 

Increased levels of uC2C (collagen type-II C-terminal cleavage neoepitope 
C2C in urine) have been correlated with knee pain and decreased lower limb 
functional abilities (Tamm et al., 2014). Several studies have demonstrated in-
creased levels of uC2C in individuals with radiographically defined kOA (Poole 
et al., 2016; Cibere et al., 2009; Kuhi et al., 2020), and it has been discovered that 
uC2C is associated with the progression of kOA (Kraus et al., 2017; Kuhi et al., 
2021). However, in a study conducted by Boeth et al. to trace OA progression, no 
significant difference between OA progression and urine content of C2C was 
detected (Boeth et al., 2019). Conrozier et al. compared serum concentrations of 
C2C in patients with multi-site OA to patients with only hip OA. They found that 
C2C levels were higher in patients suffering from solely hip OA (Conrozier et al., 
2008). 
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2.4.1.6. Minor glycoproteins and cartilage  
intermediate layer protein 

The cartilage matrix comprises up to 15% glycoproteins, and broad research has 
been done to elucidate their role in maintaining the functional structure of the AC 
and their involvement in various degenerative joint diseases (Sophia Fox et al., 
2009). Changes in the content of glycoproteins in the cartilage matrix and diffe-
rent aspects of their biological functions have been associated with the decline of 
joint function and concomitant joint pain (Maldonado & Nam, 2013). The CILPs 
are one of several glycoproteins that have been in the focus of research on joint 
diseases, like OA (Lorenzo et al., 1998). CILPs are secreted by articular chondro-
cytes and deposited into the cartilage ECM. CILPs are large glycoproteins 
believed to play a role in cartilage scaffolding (Lorenzo et al., 1998). The main 
role of CILPs may be to modulate the cartilage matrix architecture (Tsuruha et 
al., 2001). CILPs expression has been demonstrated to change with ageing and in 
early stages of human OA (Lorenzo et al., 2004). Until now, two CILP isoforms, 
CILP-1 and CILP-2, have been described. These isoforms have been shown to be 
expressed in cartilage, but also in extra-skeletal tissues (Huang et al., 2020). 
These two CILP isoforms exhibit some structural similarity, with approximately 
50% of their structure being homologous (Wu et al., 2019). However, these iso-
forms have been differently related to the progression of cartilage damage during 
OA, while the literature contains many contradictions. For example, in animal 
models of OA, CILP-1 and CILP-2 display different expression patterns, with 
CILP-1 being upregulated and CILP-2 downregulated (Bernardo et al., 2011). 
However, a proteomic analysis of cartilage samples from hip OA patients re-
vealed elevated levels of CILP-2 (Hosseininia et al., 2019). As CILP-2 has been 
suggested to be more closely associated with the progression of OA compared to 
CILP-1, it has been proposed as a potential biomarker with diagnostic value in 
OA assessment (Bernardo et al., 2011; Lorenzo et al., 2014). 
 

2.4.2. Other joint tissues (subchondral bone, synovium, 
infrapatellar fat pad, menisci, and ligaments) 

OA is a chronic and progressive degenerative disease that affects not only the AC 
but also the entire joint, including subchondral bone, synovium, fat pad, menisci, 
and ligaments (Loeser et al., 2012; Martel-Pelletier et al., 2016; Swingler et al., 
2019; Ilas et al., 2017). In the past, the most frequently discussed aspect of OA 
was the progressive damage to cartilage and its eventual loss. However, it is now 
widely acknowledged that changes in the subchondral bone and inflammation of 
the synovial membrane also have an impact on all other structures within the joint 
(Primorac et al., 2020). The structural alterations in these joint components re-
present key pathological characteristics of OA, further reinforcing the notion that 
OA affects the entire joint. Furthermore, comprehensive investigations suggest 
that interactions between cartilage and subchondral bone are essential for joint 
homeostasis, but also for OA progression (Xia et al., 2014; Goldring S. R. and 
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Goldring M. B., 2016). In the development of OA, the volume and thickness of 
the subchondral bone plate increase. These structural alterations are accompanied 
by distinct changes in the subchondral trabecular bone, characterized by bone 
deterioration in the early stages of OA and progressive sclerosis in the later stages 
of the disease (Burr & Gallant, 2012). Additionally, alterations in osteoblastic 
and osteoclastic activity lead to increased bone turnover, resulting in subchondral 
bone lesions, cysts, and osteophyte formation (Goldring, 2009). 

The synovial membrane, which lines the inner surface of synovial joint cap-
sules, plays a crucial role in maintaining metabolic homeostasis and the intra-arti-
cular environment, in conjunction with synovial fluid (Wenham and Conaghan, 
2010). The synovial fluid plays a crucial role in providing nutrition to the carti-
lage (Primorac et al., 2020). The avascular cartilage relies on the synovial fluid 
both for essential nutrients and as a storage space for its degrading products 
(Schmidt et al., 2007). Synovitis is known to be the crucial factor in patients with 
OA and has been related both to symptoms and to structural progression. Besides, 
synovitis triggers the extensive production of proteolytic enzymes, leading to 
cartilage damage, while cartilage matrix catabolism produces molecules that pro-
mote synovial inflammation (Sellam & Berenbaum, 2010). 

Hoffa’s infrapatellar fat pad (IPFP) is the largest intra-articular adipose struc-
ture, placed in the anterior knee compartment, between the synovium and the joint 
capsule (Eymard & Chevalier, 2016; Paduszyński et al., 2018). IPFP is known to 
be a multifunctional tissue containing various types of cells: adipocytes, fibroblasts, 
leukocytes, macrophages, and other immune cells (Paduszyński et al., 2018). IPFP 
may excrete various cytokines and adipokines, contributing to local knee joint 
inflammation and the development of kOA (Zeng et al., 2020). 

One of the most frequent risk factors of kOA development is meniscal lesions 
and injuries, because of decreased resistance to mechanical forces, like tension, 
compression, and shear stress (Englund et al., 2012). Loss of proper meniscus 
function contributes to OA by causing joint instability and abnormal mechanical 
loading (Hunter et al., 2006; Ding et al., 2007). In a normal healthy joint, the 
loaded collagen matrix of the meniscus can resist biomechanical stress, ensuring 
the stability of the knee during movements (Englund, 2010). Meniscus injury or 
damage often leads to damage to other joint structures, like cartilage loss, altera-
tions in the subchondral bone, bone marrow lesions, and synovitis (Roemer et al., 
2009). 

Knee joint ligaments play a crucial role in stabilizing the joint by restricting 
excessive movement (Peters et al., 2022). Ligament injuries and tendon instabi-
lities have been identified as significant risk factors for OA development. Studies 
show that after ligament injury, in around 50% of patients, OA develops in 10–
20 years (Wu et al., 2020). 



25 

2.5. Changes in the OA-affected joint tissues 
In the early stages of OA, the cartilage surface remains macroscopically intact, 
yet significant alterations occur at the molecular and structural levels within the 
ECM. These changes include disruptions in the collagen network, modifications 
in proteoglycans composition, and concurrent degenerative changes in the meniscus 
(Giorgino et al., 2023). Alterations in collagens and proteoglycans result in over-
coming the compensatory mechanisms that limit the AC damage, eventually 
causing AC erosions and meniscal damage (Yunus et al., 2020). It should be 
noted that the proinflammatory role of cytokines affecting also the structural 
molecules in cartilage tissue has been confirmed as an important mechanism of 
joint damage in the early stages of OA (Chow & Chin, 2020). Responding to 
cartilage erosions, chondrocytes first undergo a phase of hypertrophic activity to 
increase the matrix synthesis, producing inflammatory mediators that promote 
cartilage breakdown (Figure 3). The superlative stage of cartilage destruction is 
chondrocyte apoptosis, which causes an imbalance of synthesis and catabolism 
of collagen and proteoglycans in favor of catabolism. Inflammatory mediators 
disperse to other joint structures, bringing along alterations in the synovial tissue 
and subchondral bone, causing bone sclerosis and increasing synovial membrane 
thickness and capsular structures (Aaron et al., 2017). As OA progresses, carti-
lage surface defects and voids develop, leading to the release of cartilage frag-
ments into the joint space. These fragments contribute to synovial inflammation, 
which in turn disrupts the synthesis of key synovial molecules, such as lubricin 
and HA. Recent findings suggest that during chondrocyte growth, the expression 
of Col2 decreases; thus, mature chondrocytes are unable to produce Col2 de novo 
(Giorgino et al., 2023). 

The onset of OA is a gradual process, which appears when the joint micro-
environment is disturbed, leading to an imbalance between synthesis and destruc-
tion processes, pro-inflammatory and anti-inflammatory effects (Maldonado & 
Nam, 2013). AC, synovial membrane, and subchondral bone are the main com-
ponents of the joint, which play crucial roles in the development of OA to varying 
degrees. This reflects various OA subgroups and phenotypes in patients (Beren-
baum & Walker, 2020). Synovitis, in conjunction with mechanical factors, may 
serve as an initial trigger for immune system activation, playing a pivotal role in 
initiating and perpetuating the pathological cycle in the pathogenesis of OA (Zhu 
et al., 2020). The role of synovitis in the progression of OA, joint deterioration, 
and associated symptoms has been emphasized over the past decades (Hayashi et 
al., 2011; Atukorala et al., 2016). Changes have also been found to occur in the 
synovial fluid. Despite the scarcity of immune cells detected in joint tissues and 
synovial fluid in OA patients, the shifts in the biochemical profile of synovial 
fluid reflect alterations in cell metabolism in the joint (Zhu et al., 2020). Affected 
by joint diseases, many collagen turnover markers and cytokines accumulate in 
synovial fluid, including cartilage oligomeric matrix protein (COMP), MMPs, etc 
(Boffa et al., 2021). 
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Figure 3. Comparative drawing of the differences between healthy (a. left side) and osteo-
arthritic (b. right side) knee joints. a: Healthy cartilage ECM is smooth, without fissures. 
Chondrocytes in the superficial zone are organized elongated, while in the deep zone, 
chondrocytes are larger, round in shape and oriented in columns. In the middle zone, 
chondrocytes are scattered. Superficial chondrocytes and cells in the synovial membrane 
produce substances such as lubricin and HA, which provide lubrication and reduce fric-
tion during joint movement. The anatomy of the subchondral bone in a healthy joint 
features a thin, dome-like subchondral plate supported by vertically oriented trabeculae. 
The healthy synovial membrane consists of a thin layer of synoviocytes and fibroblasts, 
which are inhabited by macrophages. Osteoblasts are inactivated, and osteoclasts are 
responsible for minimal subchondral bone turnover. 
b: In osteoarthritic cartilage, chondrocytes become hypertrophic, and in cases of severe 
OA progression, they can become apoptotic. Hypertrophic chondrocytes are disoriented 
and produce increased levels of cytokines, such as interleukin (IL)-1, A Disintegrin and 
Metalloproteinase with Thrombospondin Motifs (ADAMTS)-4, ADAMTS-5, and Matrix 
Metallopeptidase (MMP)-1, MMP-13, which facilitate the remodeling of the cartilage 
ECM. The cartilage ECM is damaged – fissures, erosion, or even denudation are re-
cognized. Osteoclasts in the subchondral bone become activated and begin to resorb bone, 
tunneling through the subchondral bone plate, which reduces its supportive function. 
Vascular ingrowth is supported, and osteoblasts begin to deposit significant amounts of 
bone, leading to the formation of a sclerotic bone. The synovial membrane is thickened, 
and activated synovial macrophages produce large quantities of cytokines that promote 
osteophyte formation, synovial fibrosis, and enhance cartilage degradation (Drawing 
based on Glyn-Jones et al., 2015; Siebelt, 2015). 
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The changes in AC altered by OA involve changes in cartilage ECM and its 
cellular components. The disruption of the matrix cellular organization entails 
tissue fibrillation, vertical fissures, cartilage degradation, and endochondral ossi-
fication (Boffa et al., 2021). Decreased quantity and quality of Col2, the loss of 
aggrecan, Col1 accumulation, and disorders of chondrocytes are observed at the 
molecular level (Hunter & Bierma-Zeinstra, 2019). The alterations of the ECM 
affect the composition of PCM (Guilak et al., 2018). The loss of microfibrillar 
type VI collagen, the primary component of the PCM, along with type IV col-
lagen, perlecan, fibronectin 1, nidogens, and laminins, are related to disturbed 
integrity of PCM (Wilusz et al., 2014). The loss of PCM components in OA 
contributes to the increased deposition of Col1 and promotes cartilage endo-
chondral ossification (Schminke et al., 2016). 

One of the pathological hallmarks of kOA is the presence of osteophytes. 
Osteophytes are the bony outgrowths at the joint margin, which can contribute to 
reduced joint range of motion and pain (Hsia et al., 2018). Osteophytes start as 
cartilaginous growths, which afterward undergo intramembranous and endo-
chondral ossification. Mature osteophytes are mineralized, fully integrated with 
native bone, and covered by AC that extends from the articular surface (van der 
Kraan & van den Berg, 2007; Zoricic et al., 2003). While the exact mechanisms 
of osteophyte formation and growth remain unknown, it is considered a re-
modeling and reparative feature of OA. Some authors suggest that in experi-
mental joint damage, the synthesis of chondrocytes and the formation of osteo-
phytes are influenced by growth factors (van Osch et al., 1996). Periosteal and 
synovial MSCs are believed to be the cellular source of osteophyte precursors, 
with developing osteophytes consisting of fibroblasts, mesenchymal prechondro-
cytes, maturing chondrocytes, hypertrophic chondrocytes, and osteoblasts (van 
der Kraan & van den Berg, 2007). Transforming growth factor-β (TGF-β) seems 
to be the most potent factor in initiating chondrogenesis in osteophytes (Uchino 
et al., 2000), while Bone morphogenetic protein 2 (BMP 2) plays an important 
role in the terminal differentiation of chondrocytes and endochondral ossification 
of the osteophytes (van Beuningen et al., 1998). While osteophyte formation is 
believed to be a repair mechanism that helps stabilize joints, osteophytes also bring 
along negative effects such as pain and reduced mobility (Blom et al., 2004). 

Taken together, the pathologic changes seen in osteoarthritic joints have com-
mon features that affect the entire joint structure, resulting in loss of function, 
deformity, and pain (Loeser et al. 2012). Though activity-related knee pain is one 
of the most frequent symptoms of kOA, eventually enforcing patients to under-
take TKA, it has to be stressed that the discordance between radiographic severity 
and pain in kOA is widely debated in the literature (Bedson & Croft, 2008; Finan 
et al., 2013). 
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2.6. Pathways of OA pathogenesis 
Recent strategies for OA treatment focus on early prevention and delaying its 
progression before significant damage occurs. Considerable efforts have been 
made to understand the signalling pathways and molecules crucial in the onset 
and development of OA (Yao et al., 2023). Evidence suggests that cartilage de-
gradation caused by abnormal loading stimulates the production of MMPs by 
chondrocytes. More exactly, abnormal loads are thought to trigger mechano-
receptors on the chondrocyte surface (Millward-Sadler & Salter, 2004), followed 
by activation of intracellular signalling pathways, including nuclear factor-kB 
(NF-κB) and TGF-β superfamily. 

NF-κB is a group of transcription factors whose pathways can be activated by 
various pro-inflammatory cytokines (Jimi & Ghosh, 2005). The NF-κB signalling 
pathway plays a significant role in the pathology of OA through a variety of 
patterns (Yao et al., 2023). NF-κB signalling promotes the secretion of degrading 
enzymes, including MMPs such as MMP1, MMP2, MMP3, MMP7, MMP8, 
MMP9, and MMP13, as well as ADAMTS4 and ADAMTS5, resulting in the 
degradation of AC (Ulivi et al., 2008). Numerous cytokines and chemokines 
mediated by NF-κB, including receptor activators of TNF-α (tumor necrosis 
factor), IL-1β, IL-6, and NF-κB ligands (RANKL), are expressed in osteoarthritic 
articular chondrocytes. These factors can upregulate the production of MMPs, 
decrease the cellular synthesis of collagen and proteoglycan, and create a positive 
feedback loop that further enhances NF-κB signalling (Kapoor et al., 2011). NF-
κB can intensify joint injury by inducing PGE2 (prostaglandin E2), NOS (nitric 
oxide synthase), NO (nitric oxide), and COX2 (cyclooxygenase-2), which pro-
motes tissue inflammation, the synthesis of catabolic factors, and apoptosis of 
articular chondrocytes (Ulivi et al., 2008). NF-κB enhances the activation of other 
transcription factors, including HIF-2α (hypoxia-inducible factor 2α), ELF3 
(E74-like factor 3), and RUNX2 (runt-related transcription factor 2) (Goldring et 
al., 2011; Li et al., 2022; Zheng et al., 2022; Lai et al., 2022). These transcription 
factors stimulate the expression of ADAMTS5 and MMP13 proteases, facilitating 
the differentiation of pre-hypertrophic articular chondrocytes into terminally 
differentiated hypertrophic chondrocytes (Goldring & Marcu, 2009). 

TGF-β-group growth factors are essential for cartilage development, main-
tenance, and repair (Blaney Davidson et al., 2007; Song et al., 2009; van der 
Kraan et al., 2009). These growth factors play a crucial role in regulating cell 
proliferation, differentiation, apoptosis, and migration, while also managing the 
synthesis and degradation of the ECM. Deficiency of TGF-β or abnormal TGF-β 
signalling leads to a cartilage phenotype resembling the pathology seen in OA 
(Blaney Davidson et al., 2007). The TGF-β superfamily includes BMPs, TGF-βs, 
growth/differentiation factors (GDFs), and other related factors, which play a role 
in the development and differentiation of musculoskeletal structures (Suutre et 
al., 2009; Salazar et al., 2016; Zhang & Que, 2020). TGF-β and BMP signalling 
play a protective role in AC by regulating cartilage homeostasis. However, their 
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dysregulation is implicated in chondrocyte hypertrophy and ECM degradation 
(Zhong et al., 2015). 

DDR2 is a cell membrane tyrosine kinase receptor located on the surface of 
chondrocytes. It plays a crucial role in cell-ECM interaction during the ongoing 
degeneration of AC in OA (Kumar et al., 2019). The activation of DDR2 triggers 
a cascade of cellular processes that eventually result in the release and activation 
of matrix-degrading proteinases, especially MMP13, leading to the development 
of OA (Xu et al., 2005). Activation of DDR2 through its interaction with native 
Col2 leads to upregulated receptor expression in chondrocytes and induces the 
expression of MMP13 (Xu et al., 2011). It is suggested that DDR2 could be a 
good therapeutic target for the development of DMOADs (Xiao et al., 2021). 
Studies have proposed that mice with a heterozygous knockdown of the DDR2 
gene exhibit partial protection against experimental OA (Xu et al., 2010). 
Moreover, small molecule antagonist for DDR2 receptor in chondrocytes blocks 
DDR2 activation through TGF-β and Col2. This leads to downregulation of MT1-
MMP13 via IL-1β and TNF-α, thereby ensuring repairment of damaged cartilage 
(Kumar et al., 2019). The IHC study between DDR2 expression and AC degene-
ration in OA showed the expression of DDR2 in human AC to increase with 
advancing degree of tissue injury. Likewise, AC degradation with elevated DDR 
expression resulted in a more significant release of MMP13 and Col2 breakdown 
products (Sunk et al., 2007). This renders DDR2 a compelling target for investi-
gation in the context of OA pathogenesis. 

 
 

2.7. Antigen retrieval methods in  
OA articular cartilage studies 

Evaluating protein expression in tissue sections is essential for biomedical re-
search. Nevertheless, this is often difficult to achieve with skeletal tissues, such 
as cartilage, that require prolonged decalcification and tend to have poor adhesion 
to slides (Dou et al., 2021). Also, the specificity of cartilage lies in an extensive 
dense ECM, which inhibits antibody penetration. In IHC investigations, various 
critical points can affect the results of the trials. Attention must be given to each 
step, from tissue fixation, decalcification, to antigen retrieval (Bord, 2003). Carti-
lage fixation takes longer than in the case of soft tissues. The standard fixative 
used for paraffin embedding is 10% neutral buffered formalin (NBF). After fixa-
tion, the following crucial step is decalcification. The purpose of decalcification 
is to soften the tissue by lowering the calcium content (Idleburg et al., 2021). 
Ethylene diamine tetraacetic acid (EDTA) is the most common solution used for 
decalcifying in IHC. 

Like most fixatives, NBF solutions preserve tissue by cross-linking proteins. 
As a result, tissues typically require antigen retrieval before incubation with a 
primary antibody. The retrieval process is often necessary because epitopes can 
be masked during formalin fixation, caused by the cross-linking of amino groups 
on adjacent molecules (Fox et al., 1985). One crucial point in IHC is selecting the 
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appropriate antigen retrieval method, as this significantly impacts the most 
critical step of the procedure – antibody binding to its epitope (Kim et al., 2016). 
The selection of a retrieval method will depend on the specific antigens and anti-
bodies being used. There are commonly two types of antigen retrieval methods: 
heat-induced epitope retrieval (HIER) and proteolytic-induced epitope retrieval 
(PIER). The latter is the most common method presented in the mid-1970s, with 
trypsin, proteinase K, pronase, ficin, and pepsin as the most frequently used en-
zymes in PIER. The main objective of PIER is to degrade protein crosslinks by 
protein digestion, where the effectiveness depends on different factors: the con-
centration and type of the enzyme, incubation parameters (time, temperature, and 
pH), and the length of fixation (Ramos-Vara & Miller, 2014). Later, in the 1990s, 
the second method, HIER, was also introduced, which is now a regularly used 
pre-treatment procedure in IHC to modify the molecular conformation of ‘target’ 
proteins of slide-mounted specimens by heated buffer solution. The common 
problem of HIER is the potential destruction of the antigenicity of the epitopes 
(Kim et al., 2016). The heat resistance of proteins has been suggested to be related 
to their solubility, and as most proteins are heat-labile, heat treatment may cause 
proteins to be irreversibly denatured and precipitate (Kim et al., 2000). Heat 
resistance can also depend on the glycosylation of the protein (Sola & Griebenow, 
2009); therefore, caution is particularly advised to optimize a suitable IHC 
protocol for the evaluation of cartilage proteins. 

Thus, every retrieval method has its own challenges and requires optimization 
depending on specimen types. In PIER, enzyme digestion requires precise control 
over pH and treatment duration, as different tissues digest at varying rates. The 
main challenge in HIER is to ensure that the tissue is treated long enough to 
facilitate antigen retrieval, without causing it to lift off the slide – a common issue 
when working with cartilage and bone (Idleburg et al., 2021). 

In this study, antigen retrieval optimization was necessary for effective detec-
tion of CILP-2 using the HPA041847 polyclonal antibody (Atlas Antibodies), but 
not for monoclonal DDR2 (Abcam ab63337) or C2C (IBEX Pharmaceutical Inc.) 
antibodies. The need for retrieval was guided primarily by the manufacturers’ 
instructions: antigen retrieval was explicitly recommended for the CILP-2 anti-
body, whereas no such step was required for DDR2 and C2C, both of which 
performed effectively without it. 

The likely reason for antigen retrieval in the case of CILP-2 is conformational 
epitope masking due to formalin-induced cross-linking, particularly within the 
dense ECM of cartilage. In contrast, the DDR2 antibody targets a membrane pro-
tein with a linear epitope that remains accessible following fixation, and the C2C 
antibody detects a Col2 degradation neoepitope, which is also expected to stay 
exposed post-fixation. Notably, both DDR2 and C2C antibodies produced distinct 
and reproducible staining patterns, supporting their reactivity and specificity 
under the applied conditions. 
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2.8. Summary of the literature review 
There is a great need for molecular markers reflecting alterations during the patho-
genesis of kOA. The discovery and characterization of reliable biomarkers could 
facilitate the recommendation of individualized lifestyle modifications, assist in 
clinical decision-making in patient management, and support the development of 
targeted rehabilitation strategies following joint replacement surgery. Further-
more, the identification of specific molecules or molecular pathways involved in 
the pathogenesis of kOA may contribute to the development of disease-modifying 
OA drugs. 

As can be concluded from the literature discussed above, extensive research 
has been done in the field of OA biomarkers, but still very few candidate mole-
cules have been proposed. Although the markers investigated in our study were 
discovered years ago, studies in the field of histology can give inconsistent 
results, and the role of these markers in the pathogenesis of kOA remains contro-
versial. Therefore, further investigation of these markers is still necessary. Nume-
rous studies have been conducted to determine markers in urine and serum, but 
there are few studies on the local determination of such markers that can be 
determined using IHC, or, moreover, the determination of different markers in 
one sample. Besides, when evaluating molecular markers using IHC, it is very im-
portant to focus on the quality of antibodies and optimization of antigen retrieval 
methods. This study aims to employ validated or extensively characterized anti-
bodies to compare immunohistochemical staining patterns with the degree of 
tissue damage, as assessed by a well-established histopathological grading system. 
The inclusion of relatively younger patients (under 69 years of age) provides a 
rationale for assuming a more active involvement of molecular mechanisms in 
the pathogenesis of osteoarthritis in this cohort, thereby making them particularly 
suitable candidates for research focused on the identification and evaluation of 
molecular markers. 
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3. AIMS OF THE STUDY

General Aim: 
The general aim of this study was to clarify whether the molecular markers 
detected in osteoarthritic cartilage correlate with the morphological changes ob-
served in tissue samples. This will help to determine their potential role as bio-
markers for osteoarthritis (OA) pathogenesis. 

Hypotheses: 
I. The expression of Cartilage Intermediate Layer Protein -2 (CILP-2), dis-

coidin domain receptor 2 (DDR-2) and type II collagen cleavage neo-
epitope (C2C) in osteoarthritic knee cartilage correlate with the degree of
cartilage damage, as assessed by OARSI (Osteoarthritis Research Society
International) histopathology grades and macroscopic joint surface
damage scores. These markers could serve as reliable indicators of OA-
related tissue damage.

II. Detailed structural description of CILP-2, DDR-2, and C2C staining pat-
terns, along with the comparative histological tissue damage description, will
provide additional insights into the pathogenesis of cartilage degradation.

Specific Aims: 
I. Optimize Antigen Retrieval Protocols: To evaluate and compare three dif-
ferent antigen retrieval protocols for CILP-2 immunohistochemistry (IHC) in OA
AC samples. The goal is to optimize the protocol for skeletal tissues, given the
significant variability in CILP-2 staining dependent on the antigen retrieval
method employed.

II. Evaluate CILP-2 Expression: To assess the expression of CILP-2 in knee
AC of patients with OA and determine its correlation with the degree of cartilage 
damage, as assessed by OARSI histopathology grades and macroscopic joint sur-
face damage scores. This will help evaluate its potential as a biomarker for OA-
related tissue damage. 

III. Assess C2C Expression: To assess the expression of C2C across different
regions of osteoarthritic cartilage. This will help determine its potential as a bio-
marker for OA by evaluating its correlation with OARSI indicators of cartilage 
and joint damage. 

IV. Investigate DDR2 Expression: To investigate the expression pattern of
DDR2 in osteoarthritic cartilage and its relationship with CILP-2. This includes 
comparing their respective correlations with OA severity to determine the more 
reliable candidate for disease research. 

V. Analyse Ultrastructural Changes: To analyse ultrastructural changes in
chondrocytes and the pericellular matrix (PCM) of osteoarthritic cartilage using 
transmission electron microscopy (TEM). This will focus on chondroptosis and 
potential PCM involvement in OA pathogenesis in samples from the most 
affected superficial layer. 
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4. MATERIALS AND METHODS

4.1. Ethical statement 
All the methods used in this study were in accordance with the Declaration of 
Helsinki. The research project was approved by the Ethics Review Committee on 
Human Research of the University of Tartu (Protocol no. 265T-22, 19 December 
2016). Written informed consent was obtained from all subjects who were in-
volved in this study. 

4.2. Patient selection 
In this study, we used for analysing the Total Knee Arthroplasty (TKA) Cohort. 
We obtained cartilage tissue samples from 43 patients undergoing primary 
unilateral TKA due to end-stage kOA at the Traumatology and Orthopedics 
Clinic of the University of Tartu between 2017 and 2018 (Table 1). 

Table 1. A distribution of the subjects. 

Subjects involved 
Paper I 20 
Paper II 27 
Paper III 4 

The overall number of involved patients is 43 as five patients were enrolled both in Papers 
I and II, and three patients of Paper III were also enrolled in Papers I and II. 

The inclusion criteria of the subjects were radiologically diagnosed end-stage kOA 
(Kellgren/Lawrence grade 3–4) before the age of 70 years. Kellgren/Lawrence 
grading system categorize kOA into five grades (0–4) (Table 2). 

Table 2. Kellgren/Lawrence grading system (Pai et al., accessed on 11 Apr 2025). 

Kellgren/Lawrence grading system 
Grade 0 Normal 
Grade 1 Doubtful joint space narrowing and possible osteophytic lipping 
Grade 2 Definite osteophytes and possible joint space narrowing 
Grade 3 Moderate multiple osteophytes, definite narrowing of joint space, some 

sclerosis and possible deformity of bone ends 
Grade 4 Large osteophytes, marked narrowing of joint space, severe sclerosis and 

definite deformity of bone ends 

Patients with the signs of acute infection in the past three months were excluded. 
Other exclusion criteria were secondary OA caused by trauma, gout, infections, 
or congenital and developmental problems affecting the knee joints, as well as 
rheumatoid arthritis. 

https://radiopaedia.org/articles/osteophyte-2?lang=us
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Paper I. This study involved 20 subjects. Eight men and 12 women aged 46 to 
68 years were enrolled. Tissue punches from the two different load-bearing sites 
of the tibia plateau were analysed in each subject. Analysed punches were 
collected from meniscus-covered medial (MTM) and meniscus-covered lateral 
tibial plateau (LTM). A subset of patients formed a group for transmission 
electron microscopy studies. Samples for ultrastructural studies of the superficial 
layer of AC from ten randomly selected patients were taken from the tibial plateau 
(MTM or LTM; for details see 4.6 Transmission Electron Microscopy). 

Paper II. This study involved 27 subjects. 10 men and 17 women aged 55 to 
66 years were enrolled. Tissue punches from the two different load-bearing sites 
of the tibia plateau (MTM and LTM) were analysed in each subject. 

Paper III. This study involved four subjects. Two men and two women aged 
58 to 65 years were enrolled. Tissue punches from load-bearing sites of the tibia 
plateau were analysed in three patients. In one case, to ensure a sufficient amount 
of material for testing and to check the site specificity of different staining 
protocols, three samples from different locations were analysed in one patient. 
It should be pointed out that only five patients were enrolled in both Paper I and 
Paper II. Two patients were enrolled in all three papers. One patient was enrolled 
in both Paper II and Paper III. 

4.3. Sampling 
Tissue punches, which included all cartilage layers and the subchondral bone, 
were obtained from the load-bearing sites of the tibial plateau and femur in each 
subject (Figure 4). Cylindrical osteochondral explants of seven mm diameter 
were drilled perpendicular to the articular surface immediately after TKA. 

Figure 4. An anatomical drawing of the 
human knee joint (distal femur and tibial 
plateau) with indications of seven diffe-
rent anatomical locations. In each subject, 
tissue punches were collected from 
meniscus-covered medial (MTM) and 
meniscus-covered lateral tibial plateau 
(LTM) (Quinn T, et al., 2005;  
Reproduced with permission). 
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4.4. H&E and Safranin O staining 
For histopathological assessment, samples were fixed in 10% buffered formalin 
solution for at least 48 hours. Decalcified with Decalcifier Solution (Sakura Fine-
tek Europe, Alphen aan den Rijn, The Netherlands) in Sakura TDETM 30 De-
calcifier System (Sakura Finetek Europe, Alphen aan den Rijn, The Netherlands) 
for 24 hours. Thereafter, the samples were embedded in paraffin with a vacuum 
infiltration processor Sakura Tissue-Tek® VIP 5 Jr (Sakura Finetek Japan, 
Tokyo, Japan). Specimens were cut to a thickness of four to seven µm using the 
microtome Microm Ergostar HM200 (Microm GmbH, Walldorf, Germany), 
mounted on microscope slides, and dried overnight on a slide dryer heating plate 
at 37 °C. Subsequently, the sections were deparaffinized with xylene, rehydrated 
in a series of graded ethanol solutions, and stained using H&E and the Safranin 
O (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) staining methods 
(Kiernan, 2001). Finally, the sections were dehydrated in graded ethanol solu-
tions, in xylene, and mounted with Eukitt® medium (Sigma-Aldrich Chemie 
GmbH, Taufkirchen, Germany) before applying the coverslips. 

 
 

4.5. Histological analysis 
The OARSI OA Cartilage Histopathology Assessment System was used for eva-
luation of the level of local cartilage pathology, ranging from grade 0 (normal 
cartilage architecture) to grade 6 (severe damage) (Table 3). 
 
Table 3. OARSI OA Cartilage Histopathology Assessment System (Pritzker et al., 2006). 

OARSI OA Cartilage Histopathology Assessment System 
Grade 0 Normal matrix architecture and smooth surface; cells are intact and in 

appropriate orientation 
Grade 1 Only the superficial zone is affected. The surface of the cartilage is 

generally intact but may show superficial fibrillation. The middle and deep 
zones are not affected. 

Grade 2 Discontinuity of the cartilage superficial zone by focal fibrillation. Small 
portions of cartilage from the superficial zone are detached due to abrasion 
from shear forces. 

Grade 3 Vertical fissures extending from the superficial zone into the middle zone 
or even into the deep zone. 

Grade 4 The key feature is erosion. If, in the earliest stage, cartilage matrix loss 
leads to delamination of the superficial zone, then more extensive erosion 
causes excavation and loss of matrix in fissured domains. 

Grade 5 The key feature is denudation. Unmineralized cartilage is completely 
eroded to the level of mineralized cartilage or bone. 

Grade 6 Recognized by deformation. The contour of the AC is changed by 
processes of microfracture, repair and bone remodeling. 
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An advanced grade within the primary grade is indicated by adding 0.5 to the 
primary grade as specified in the OARSI grading system (Pritzker et al., 2006). 
The macroscopic stage of OA was assessed by visually evaluating the tibial pla-
teau removed during the operation. To evaluate the extent of articular surface 
involved with OA, the staging method ranging from stage 1 (50% of involve-
ment) to stage 4 (>50% of involvement) was used. For OA scoring, a simple 
formula was used: OA score = OA grade × OA stage (Pritzker et al., 2006). Two 
independent assessors evaluated the AC damage. In the case of the few evaluation 
disagreements, the specimens were revised to formulate the final assessment. 

4.6. Transmission Electron Microscopy (TEM) 
The specimens for TEM investigations were taken from the superficial layer of 
AC of the MTM or LTM, as indicated with an asterisk in Table 4. The samples 
were fixed in 2.5% glutaraldehyde solution (Sigma-Aldrich Chemie GmbH, Ger-
many) buffered with sodium cacodylate buffer (Sigma-Aldrich Chemie GmbH, 
Germany) at pH 7.4 for two hours at 4°C and postfixed for one hour in 1% 
osmium tetroxide solution (Agar Scientific, England). Thereafter, the samples 
were dehydrated in ethanol (50°→70°→90°→96°→ absolute ethanol) and em-
bedded in Epon-812 (Fluka, Sigma-Aldrich Chemie GmbH, Switzerland) according 
to the standard methods. Semi-thin sections were cut at two µm and stained with 
methylene blue-azure II. The slides were observed and photographed using a 
Zeiss Axiophot-2 microscope (Carl Zeiss AG, Jena, Germany). The ultrathin 
sections were cut at 70 nm on the Reichert Om U3 ultratome (Reichert, Germany) 
with a diamond knife (Diatome Ltd, Biel/Benne, Switzerland). After that, the 
sections were mounted on copper grids of mesh size 200 (Sigma-Aldrich Che-
mine GmbH, Germany), stained with uranyl acetate (Agar Scientific, England) 
and lead citrate (Agar Scientific, England) according to standard methods. 
Viewing and photographing were done using a Transmission Electron Micro-
scope Philips Tecnai-10 (Philips, Netherlands) with Veleta camera (Olympus 
Soft Imaging Solutions GmbH, Germany). 

4.7. Immunohistochemistry (IHC) 

4.7.1. CILP-2 and DDR2 (Paper I) 

For IHC analysis, paraffin-embedded specimens were cut at four µm thickness 
using the microtome Microm Ergostar HM200 (Microm GmbH, Walldorf, Ger-
many), mounted on Menzel-Gläser Superfrost® Plus slides (Gerhard Menzel 
GmbH, Braunschweig, Germany), and dried overnight on a slide dryer heating 
plate at a temperature of 37 °C. After that, the sections were treated with 30 µg/ml 
Proteinase K (Invitrogen, USA) in 50 mM Tris, pH 6.0, 5 mM CaCl2 at 37°C for 
90 minutes and with 0.4% bovine hyaluronidase in HEPES-buffered medium 
(Fertipro, Belgium) for three hours to ensure antibody penetration (see Paper III). 
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To block peroxidase activity, the sections were treated with 0.6% H2O2 (Fluka, 
France) in distilled water for 15 minutes. Thereafter, the sections were washed in 
1× GibcoTM PBS (Thermo Fisher Scientific, Landsmeer, The Netherlands) solu-
tion for 3 × 5 minutes. After washing, the sections were incubated in Dako Anti-
body Diluent S2022 (Dako Denmark A/S, Denmark) to block nonspecific antibody 
binding. Then, the sections were incubated overnight at 4 °C with the primary 
CILP-2 antibody (Atlas Antibody, HPA041847, Sweden) in dilution of 1:100 or 
with the primary DDR2 antibody (Abcam, [3B11E4] ab63337, UK) in dilution 
of 1:200; both antibodies were diluted in Dako Antibody Diluent (Dako Denmark 
A/S, Denmark). The treatment with Proteinase K and hyaluronidase was not per-
formed in the case of DDR2 immunostaining, as there did not appear to be any 
need for it. The omission of antigen retrieval for DDR2 was justified, as tissue 
fixation appears to have a limited effect on epitope accessibility in this case. On 
the next day, the sections were incubated with biotinylated secondary antibody 
(REAL™ EnVision™ Detection System, Dako Denmark A/S, Denmark) for one 
hour at room temperature. Then, the sections were incubated with 3.3′ diamino-
benzidine tetrahydrochloride (DAB) solution (REAL™ EnVision™ Detection 
System, Dako Denmark A/S, Denmark) for 10 minutes at room temperature in 
the dark and counterstained with toluidine blue. Washing 3 × 5 minutes between 
each step after incubation with the primary antibody was performed in 1× 
GibcoTM PBS (pH 7.4) solution (Thermo Fisher Scientific, Landsmeer, The 
Netherlands) containing 0.07% Tween 20 detergent (BioTop, Naxo, Tartu, 
Estonia). IHC negative controls were performed by omitting the primary 
antibody. The extent of staining was evaluated by tissue staining incidence 
ranging from 1 to 5 (‘1’: no staining, ‘2’: 1–25% stained, ‘3’: 26–50% stained, 
‘4’: 51–75% stained, ‘5’: 76–100% stained) (Meyerholz & Beck, 2018). 

 
4.7.2. Cartilage Collagen Neoepitope C2C (Paper II) 

Paraffin-embedded specimens were cut at a four µm thickness using the micro-
tome Microm Ergostar HM200 (Microm GmbH, Walldorf, Germany), mounted 
on AutoFrost® Microscope Slides (Cancer Diagnostics, Inc., Durham, NC, USA), 
and dried overnight on a slide dryer heating plate at a temperature of 37 °C. 
Thereafter, the sections were deparaffinized in xylene and rehydrated in a series 
of graded ethanol solutions. Endogenous peroxidase activity was inactivated by 
incubating the sections for 15 minutes with freshly prepared 0.6% H2O2 
(Honeywell FlukaTM, Seelze, Germany) dissolved in distilled water. Thereafter, 
the sections were washed for 3 × 5 minutes in 1× GibcoTM Phosphate Buffered 
Saline (PBS, pH 7.4) solution (Thermo Fisher Scientific, Landsmeer, The Nether-
lands). To block nonspecific antibody binding, the sections were incubated with 
100 µL Dako Antibody Diluent (cat no S2022) (Dako Denmark A/S, Glostrup, 
Denmark) for 30 minutes. After that, the sections were incubated with 100 µL 
C2C monoclonal antibody (product no 50-1018; Ab 5109; produced by IBEX 
Pharmaceutical Inc., Mount Royal, QC, Canada) in a dilution of 1:10,000 for one 
hour at room temperature. To visualize the primary antibody, the sections were 



38 

incubated with the commercial kit Dako RealTM EnvisionTM Detection System, 
Peroxidase/ DAB+, Rabbit/Mouse (cat no K5007) (Dako Denmark A/S, Glostrup, 
Denmark) – the sections were incubated with secondary antibody for one hour 
and after that with DAB for 10 minutes. Washing 3 × 5 minutes between each 
step after incubation with the primary antibody was performed in 1× GibcoTM 
Phosphate Buffered Saline (PBS, pH 7.4) solution (Thermo Fisher Scientific, 
Landsmeer, The Netherlands) containing 0.07% Tween 20 detergent (BioTop, 
Naxo, Tartu, Estonia). To counterstain the cartilage proteoglycans, the sections 
were stained for one minute with Toluidine blue. Negative controls were performed 
by omitting the primary antibody. Eventually, the sections were dehydrated in a 
series of graded ethanol solutions, in xylene, and mounted with Eukitt® medium 
(Sigma-Aldrich GmbH, Taufkirchen, Germany) before applying the coverslips. 
For analysis, the tissue slides were fully scanned using a Leica SCN400 (Leica 
Microsystems, Wetzlar, Germany) with a magnification of 20×. The expression 
levels of the analysed proteins were quantified as the proportion of stained tissue 
within the sample. This assessment was performed using scanned histological 
images and analysed semi-quantitatively with ImageJ 2.14.0 software, utilizing 
the color threshold function in accordance with the established protein expression 
determination protocol (Crowe & Yue, 2019). 

4.7.3. Comparison of Antigen Retrieval Methods for 
Immunohistochemical Analysis of Cartilage Matrix 

Glycoproteins Using Cartilage Intermediate Layer Protein 2 
(CILP-2) as an Example (Paper III)

Paraffin-embedded specimens were cut at a four µm thickness using the micro-
tome Microm Ergostar HM200 (Microm GmbH, Walldorf, Germany), mounted 
on TOMO® Adhesion Microscope Slides (Matsunami Glass, Kishivada, Japan), 
and dried overnight on a slide dryer heating plate at a temperature of 37 °C. Four 
different protocols were compared from the aspect of antigen retrieval: (1) heat-
induced epitope retrieval (HIER) without proteolytic-induced epitope retrieval 
(HIER group), (2) proteolytic-induced epitope retrieval (PIER) without heat-
induced epitope retrieval (PIER group), (3) HIER combined with PIER (samples 
treated with this antigen retrieval method formed the group designated as HIER/ 
PIER group), and (4) no retrieval at all (control group). Heat retrieval was per-
formed at 95 °C for 10 minutes using a specific heat retrieval (decloaking) solu-
tion (Reveal Decloaker, Biocare Medical, Pacheco, CA, USA). Proteolytic 
retrieval was performed with 30 µg/mL Proteinase K solution (Merck KGaA, 
Darmstadt, Germany) in 50 mM Tris/HCl, 5 mM CaCl2 solution (pH 6.0) for 90 
minutes at 37 °C. Thereafter, the same sections were treated with 0.4% bovine 
hyaluronidase in HEPES-buffered medium (Fertipro NV, Beernem, Belgium) for 
three hours at 37 °C. The sections were deparaffinized in xylene and rehydrated 
in a series of graded ethanol solutions. Sections in groups PIER, HIER, and 
HIER/PIER received antigen retrieval protocols as described above. At the same 
time, the control group sections were kept in distilled water. Subsequently, the 
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sections of all groups were treated similarly. Endogenous peroxidase activity was 
inactivated by incubating the sections for 15 minutes with freshly prepared 0.6% 
H2O2 (Honeywell FlukaTM, Seelze, Germany) dissolved in distilled water. There-
after, the sections were washed for 3 × 5 minutes in 1 × GibcoTM Phosphate-
Buffered Saline (PBS, pH 7.4) solution (Thermo Fisher Scientific, Landsmeer, 
The Netherlands) and with Dako REAL Antibody Diluent (S2022, Dako Den-
mark A/S, Glostrup, Denmark) for 30 minutes, to block non-specific binding. 
Then, the sections were incubated overnight at 4 °C with rabbit polyclonal 
antibody to CILP-2 (Atlas Antibody, Sweden, anti-CILP-2 cat no HPA041847, 
dilution 1:100 in Dako REAL Antibody Diluent). To visualize the primary 
antibody, the sections were incubated with the commercial kit Dako RealTM 
EnvisionTM Detection System, Peroxidase/DAB+, Rabbit/Mouse (cat no K5007) 
(Dako Denmark A/S, Glostrup, Denmark) – the sections were incubated with 
secondary antibody for one h and after that with DAB for 10 min. Washing 3 × 5 
minutes between each step after incubation with the primary antibody was 
performed in 1× GibcoTM Phosphate Buffered Saline (PBS, pH 7.4) solution 
(Thermo Fisher Scientific, Landsmeer, The Netherlands) containing 0.07% 
Tween 20 detergent (BioTop, Naxo, Tartu, Estonia). Negative controls were 
performed by omitting the primary antibody. To counterstain the cartilage 
proteoglycans, the sections were stained for one minute with Toluidine blue solu-
tion. Finally, the sections were dehydrated with ethanol and xylene and mounted 
with Eukitt® medium (Sigma-Aldrich GmbH, Steinheim, Germany) before 
applying the coverslips. For scoring the results, semi-quantitative staining assess-
ment was used, based on the CILP-2 staining extent. The staining scores ranged 
from 1 to 5 (‘1’: no staining; ‘2’: 1–25% of the slide stained; ‘3’: 26–50% stained; 
‘4’: 51–75% stained; ‘5’: 76–100% stained) (Meyerholz & Beck, 2018). Evalua-
tion of the staining scores was performed under a microscope at 400× magni-
fication by two independent observers in a blinded fashion; in the case of the six 
discrepancies, the specimens were reviewed together to formulate the final 
assessment. 
 

 
4.8. Statistical Analysis 

Statistical analysis was performed using the GraphPad InStat software version 
3.10 or GraphPad Prism version 10.2.3 (GraphPad Software, San Diego, CA, 
USA). The level of significance was set at p < 0.05. In Paper I, Spearman´s rank 
correlation coefficient was applied to analyse the correlations between the exten-
sion of expression of CILP-2 and DDR2 and the degree of cartilage damage (both 
OARSI histopathology grade and OARSI score). Similarly, in Paper II, Spear-
man’s rank correlation analysis was used to analyse the correlations between the 
expression of C2C in the AC and the degree of cartilage damage. In addition, in 
Paper I, we compared the CILP-2 and DDR2 expression between LTM and MTM 
in each patient by Wilcoxon’s matched-pairs test, where lower OARSI grade 
specimens were compared with higher grade counterparts from the same knee. 
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Mann–Whitney U test was performed to analyse the difference between OA 
patients’ samples with either dominant medial or lateral side damage. In Paper II, 
we compared the OARSI histological grade, stage, and C2C staining of LTM and 
MTM by the Wilcoxon signed-rank test. In Paper III, evaluations of CILP-2 
staining scores were analysed by applying the Mann–Whitney U-test. 
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5. RESULTS 

5.1. Histopathologic results (Paper I) 
20 patients (mean age 61.25±5.32 years) were involved in the first set of the 
study. The clinical characteristics and histopathology assessment results have 
been pointed out in Table 4. Advanced OARSI histopathology grades (grades 3 
and above) were detected in the samples of eleven patients, while the grades 
below three were detected in the samples of nine patients. We compared the two 
sides of the knee joint – the medial and lateral tibial plateaus of each individual. 
The OARSI histopathology grades were higher in the medial tibial plateau of 12 
patients, while in the lateral tibial plateau, higher grades were seen in seven 
patients. In one instance (patient 20), the histopathology grades were the same 
for both medial and lateral sites (Table 4). To analyse the differences between 
samples from OA patients with either dominant medial or lateral side damage, 
two groups were established: medial tibia (MT) group with higher OARSI grade 
of the medial tibial plateau (12 first patients in Table 4) and lateral tibia (LT) 
group with higher OARSI grade of the lateral tibial plateau (patients No 13–19 
in Table 4). A tendency to the greater difference between the medial and lateral 
side of OARSI grades was observed in the MT group compared to the LT group 
(median difference 1.75 (IQR 0.5–3) and 0.5 (IQR 0.5–1), respectively; Mann–
Whitney U test p = 0.061). 
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Table 4. Patients’ characteristics and results of histopathology assessments and CILP-2 and DDR2 stainings 

No of 
patient 

Gen-
der Age (years) 

Macro-
scopic 

damage 
(stage) 

Tibial 
plateau 

site 

OARSI 
histo-
pathol 
grade 

OARSI 
score 

(grade × 
stage) 

Assesment of CILP-2 staining Assesment of DDR2 staining 
Super-
ficial 
zone 

Middle 
zone 

Deep 
zone 

Average 
of all 
zones 

Super-
ficial 
zone 

Middle 
zone 

Deep 
zone 

Average 
of all 
zones 

1 F 62 1 LTM 1 1 3 2 2 2.3 2 1 2 1.7 
MTM* 3 3 4 1 1 2 4 2 2 2.7 

2 F 57 2 
LTM* 2.5 5 3 2 2 2.3 4 3 2 3 
MTM 3 6 5 3 2 3.3 5 4 2 3.7 

3 F 65 2 LTM* 1.5 3 2 2 2 2 4 2 2 2.7 
MTM 2 4 5 4 4 4.3 3 2 2 2.3 

4 F 63 1 
LTM* 2 2 3 2 2 2.3 3 2 1 2 
MTM 2.5 2.5 4 3 1 2.7 5 4 3 4 

5 F 66 1 LTM 0.5 0.5 3 1 1 1.7 2 1 1 1.3 
MTM* 2.5 2.5 4 3 2 3 2 1 1 1.3 

6 F 65 2 
LTM 2.5 5 5 4 3 4 3 2 2 2.3 
MTM 4 8 5 4 3 4 5 2 2 3 

7 M 60 2 LTM 2 4 4 2 1 2.3 3 2 2 2.3 
MTM 5 10 - - 5 5 - - 3 3 

8 F 59 1 
LTM 1.5 1.5 5 3 3 3.7 5 4 3 4 
MTM 2.5 2.5 4 2 1 2.3 3 1 1 1.7 

9 F 63 2 LTM 1.5 3 3 2 1 2 4 4 3 3.7 
MTM 3 6 3 1 1 1.7 3 1 1 1.7 

10 M 65 4 
LTM 2.5 10 2 2 1 1.7 3 2 2 2.3 
MTM 5 20 - 5 5 5 - 5 5 5 

11 F 64 3 LTM 1.5 4.5 4 3 2 3 4 3 2 3 
MTM 4.5 13.5 4 4 2 3.3 3 2 1 2 

12 M 58 4 
LTM 2 8 4 3 2 3 3 2 2 2.3 
MTM 5.5 22 - - 5 5 - - 5 5 
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No of 
patient 

Gen-
der Age (years)

Macro-
scopic 

damage 
(stage) 

Tibial 
plateau 

site 

OARSI 
histo-
pathol 
grade 

OARSI 
score 

(grade × 
stage) 

Assesment of CILP-2 staining Assesment of DDR2 staining 
Super-
ficial 
zone 

Middle 
zone 

Deep 
zone 

Average 
of all 
zones 

Super-
ficial 
zone 

Middle 
zone 

Deep 
zone 

Average 
of all 
zones 

13 M 46 1 LTM* 2.5 2.5 4 3 2 3 3 2 1 2 
MTM 2 2 4 3 2 3 4 3 2 3 

14 M 58 1 
LTM* 2.5 2.5 4 2 2 2.7 4 2 2 2.7 
MTM 2 2 4 3 2 3 5 3 1 3 

15 M 53 2 LTM* 4 8 4 2 1 2.3 2 2 1 1.7 
MTM 3 6 5 3 1 3 5 4 2 3.7 

16 F 64 3 
LTM* 4 12 4 3 4 3.7 4 3 2 3 
MTM 1.5 4.5 2 1 1 1.3 3 2 2 2.3 

17 M 68 4 LTM 2.5 10 4 3 2 3 4 3 2 3 
MTM* 2 8 3 1 1 1.7 3 2 2 2.3 

18 F 58 2 
LTM 3 6 5 3 2 3.3 4 2 2 2.7 
MTM 2.5 5 5 2 2 3 3 1 1 1.7 

19 M 68 1 LTM 1.5 1.5 5 3 2 3.3 4 2 1 2.3 
MTM 1 1 4 2 2 2.7 3 1 1 1.7 

20 F 63 2 
LTM 2 4 2 4 3 3 2 2 2 2 
MTM 2 4 2 4 2 2.7 3 1 1 1.7 

F – female patients; M – male patients; LTM – lateral tibial plateau, meniscus covered; MTM – medial tibial plateau, meniscus covered; * Site 
of samples taken for transmission electron microscopy studies  
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5.1.1. CILP-2 and DDR2 expression in OA cartilage 

CILP-2 and DDR2 staining was observed in all the studied samples; the staining 
appeared predominantly localized in the superficial and intermediate zones 
(Figures 5, 6). In the deep zone, minimal staining was observed in most instances 
(Table 4). Nevertheless, in samples with OARSI grade 5 and above (samples 7, 
10, and 12; Table 4), which are characterized by the loss of the superficial zone, 
very extensive CILP-2 and DDR2 staining was noted in the remaining deeper 
zones of the cartilage. In the deep zone, CILP-2 staining was primarily noted to 
be localized in PCM (Figure 6). 

Figure 5. A and B: OA cartilage pathology evaluated according to the OARSI grading 
system (Safranin O staining). A – Grade 1.5, the AC demonstrates superficial fibrillation. 
B – Grade 3, vertical fissures extend into the middle zone. C to E: OA AC immunohisto-
chemistry for discoidin domain receptor 2 (DDR-2), counterstained with Toluidine blue. 
C – Moderate immunostaining in the superficial zone (OARSI grade 2). D – Abundant 
immunostaining in the superficial and the middle zone (OARSI grade 2.5). E – Abundant 
immunostaining in the superficial and the upper part of the middle zone (OARSI grade 
4). F – No staining in negative control (during the staining antibody to DDR2 was omitted). 
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Figure 6. CILP-2 immunohistochemical staining in the OA AC, counterstained with 
Toluidine blue. A – Arrows indicate moderate staining in the middle and the deep zone 
(OARSI grade 2). B – Abundant pericellular staining (arrows) in the deep zone (OARSI 
grade 2). C – Abundant staining in the superficial, the middle, and the upper part of the 
deep zone (OARSI grade 3). D – Abundant staining in the superficial, the middle, and the 
upper part of the deep zone (OARSI grade 4). E – Moderate staining in the superficial 
and middle zone (OARSI grade 0.5). F – Abundant staining in the superficial and middle 
zone (OARSI grade 3.0). 
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5.1.1.1. Comparison of CILP-2 and DDR2 staining with 
the degree of cartilage damage 

We first evaluated the correlation between CILP-2 and DDR2 expression (aver-
age of IHC staining estimates of all zones) with the corresponding OARSI histo-
pathology grades and OARSI scores (which combine the histopathology grade 
and the stage of macroscopic tissue damage) in all 40 samples. We indicated a 
statistically significant medium-strength positive correlation between the extent 
of CILP-2 staining and OARSI grades p = 0.005; Spearman rho = 0.436). Besides, 
OARSI scores correlated positively but more modestly with CILP-2 staining 
(p = 0.044; Spearman rho = 0.320). No statistically significant correlation was 
found between DDR2 staining assessments and OARSI grades of 40 samples (p 
= 0.079; Spearman rho = 0.281). However, OARSI scores of joint damage that 
also includes the macroscopic evaluation of the extent of the joint involvement 
demonstrated a tendency to positive correlation with the extent of DDR2 staining 
(p = 0.0543; Spearman rho = 0.307). 

Unfortunately, we could not obtain knee AC samples without pathological 
changes to form a comparative ‘control’ group. Therefore, we divided the speci-
men pairs, medial and lateral probes of the same knee, into two groups based on 
OARSI histopathology grades. The hypothesis was that the expression of DDR2 
and CILP-2 differs in samples with high OARSI grade compared to the counter 
side low-grade samples, i.e. DDR2 and CILP-2 expression pattern reflects the 
severity of cartilage damage. Thus, two groups were formed, which consisted of 
medial and lateral probes of the same knee. The specimen with a lower OARSI 
histopathology grade of the pairs was included in the low OARSI grade group, 
and the specimen with a higher OARSI grade was assigned to the high OARSI 
grade group. For instance, the LTM sample of patient no. 1 with grade 1 was 
included in the low OARSI grade group, while the MTM sample of the same 
patient with grade 3 was included in the high OARSI grade group. The high grade 
group with median grade 3 (grades remained between 2.5–4) and the low grade 
group with median grade 2 (grades remained between 1.5–2.5) differ significantly 
as the Wilcoxon matched-pairs signed-ranks test p value is < 0.0001. 

The groups differed by median OARSI grades significantly (Wilcoxon matched-
pairs signed-rank test p value <0.0001). Patient 20, who had equal OARSI histo-
pathology grades on both the medial and lateral sides, was not included in the 
estimation. In samples from three patients (No 7, 10, and 12), the superficial zone 
and samples from two patients (No 7 and 12), the middle zone was not possible 
to assess. We observed a more abundant CILP-2 staining in the samples with a 
high OARSI grade group in the superficial and middle zones, as well as in all 
layers in sum compared to the low OARSI grade group (Figure 7). No statistically 
significant difference in DDR2 expression between the low and high OARSI 
grade groups was found. 

Besides, we analysed the correlation between CILP-2 and DDR2 expression 
(based on the average IHC staining estimates across all zones) in the samples of 
all 40 patients. Our findings revealed a statistically significant but medium-



 

47 

strength positive correlation (p = 0.006; Spearman rho = 0.422). This demon-
strates the concurrent upregulation of both markers in advanced stages of kOA. 

 
5.1.1.2. CILP-2 and DDR2 expression in MT and LT groups 

We analysed CILP-2 and DDR2 expression comparatively in groups of pre-
dominant medial (MT group; n = 12) or lateral side damage (LT group; n = 7). In 
the groups, both medial and lateral tibial plateau sites were analysed. Therefore, 
24 samples were evaluated in the MT group, and 14 samples were assessed in the 
LT group. In MT group, the extent of CILP-2 staining had a positive correlation 
with OARSI grades (p = 0.018; Spearman rho = 0.480) and stages (p = 0.023; 
Spearman rho = 0.463), while no correlations with OARSI grades or stages were 
found with DDR2 staining (p = 0.147; Spearman rho = 0.305 and p = 0.070; Spear-
man rho = 0.377, respectively). In the LT group, no correlation of OARSI grades 
and OARSI stages with CILP-2 (p = 0.244; Spearman rho = 0.335 and p = 0.857; 
Spearman rho = 0.053, respectively) or DDR2 staining (p = 0.417; Spearman  
rho = 0.236 and p = 0.438; Spearman rho = 0.225, respectively) were found. 
 
 

 
Figure 7. Comparisons of assessments of CILP-2 and DDR2 immunohistochemical 
(IHC) staining in groups with low (median grade 2, interquartile range 1.5–2.5) and high 
(median grade 3, interquartile range 2.5–4) OARSI histopathology grades. To compare 
the lower OARSI grade specimens with higher grade counterparts of the same knee, the 
specimens of the medial and lateral sides were divided into low and high OA grade 
groups. The X-axis presents the medians of IHC (error bars indicate 25% and 75% inter-
quartile range). P-value of Wilcoxon’s signed rank test is shown for each comparison. 
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5.1.2. Transmission electron microscopy of OA cartilage (Paper I) 

10 patients’ samples from 20 patients were randomly selected for TEM investi-
gations (sampling site is indicated by an asterisk in Table 4). Specimens were 
obtained from the superficial zone of the AC. TEM investigations indicated that 
most cells had a rounded or elongated shape, while spindle-shaped cells were 
rarely observed (Figures 8, 9). The cells were often found as single units, with 
only a few isogenic groups observed (Figure 8). The cell membrane of chondro-
cytes was generally smooth, although some cells exhibited short cytoplasmic pro-
cesses (Figure 8B). The nuclei of chondrocytes were either spherical or ovoid, 
with visible nuclear indentations in some cells. Disrupted location of chromatin 
or chromatin-poor nuclei were often seen (Figures 8, 9). Autophagic vacuoles and 
lipid droplets were noticed in many cells (Figures 8, 9). Mitochondria appeared 
swollen and rounded, exhibiting damaged cristae, the rER was observed in 
varying amounts, regularly arranged stacks of cisterns of rER were observed in 
some cells, and in some cells, cisterns were irregularly enlarged (Figures 8, 9). 
Shifts in the cytoskeleton were observed in several cells; in remarkable cases, the 
cytoplasm adjacent to the nucleus contained large aggregates of cytoskeletal fila-
ments occupying significant areas of the cell (Figure 8). The features described 
above can be considered characteristic of chondroptosis. It was noteworthy that 
degenerative, highly vacuolated cells with a round or ovoid shape were frequently 
observed. In specimens with advanced OARSI grades (Grade 4), completely dis-
integrated cells were often observed (Figure 8). In the ECM, numerous short 
collagen fibres were oriented in various directions. However, the fibres observed 
to run parallel often alternated with fibres encountered in the section plane trans-
versely. The collagen fibres in the PCM were oriented both in parallel and in an 
irregular pattern, creating a densely intertwined network (Figure 2). Moreover, in 
various samples, enlargement of the PCM was seen, which in some cases resulted 
in highly variable expansions. For example, in the AC sample with QARSI grade 
4, heavily vacuolated cells were seen to be surrounded by very irregular PCM 
(Figure 9). Thus, the rearrangement of PCM seems to be a prominent feature of 
OA cartilage. 
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Figure 8. Transmission electron micrographs of OA chondrocytes. A – Chondrocyte iso-
genic group. Collagen fibres around an isogenic group of cartilage cells (blue arrow), 
endoplasmic reticulum (ER) (yellow arrow), autophagic vacuoles (two-tailed red arrow) 
(OARSI grade 2.5). B – Autophagic vacuoles in chondrocyte (blue arrow), well-
developed cytoskeleton (yellow arrow), and lipid droplets (two-tailed red arrow) (OARSI 
grade 2.5). C – Remnant of a chondrocyte (blue arrow), collagen fibres around an isogenic 
group of cartilage cells (yellow arrow), two-tailed red arrow indicates chondrocyte debris 
within lacunae (OARSI grade 2.5). D – Completely disintegrated chondrocyte (blue 
arrow) (OARSI grade 4). 
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Figure 9. Transmission electron micrographs of OA chondrocytes. A – Highly 
vacuolated cytoplasm, reduced organelles, pericellular matrix (PCM) expansion (OARSI 
grade 4). B – Complete vacuolization of the cytoplasm with vanished organelles, fibrillar 
rearrangement of the pericellular matrix (OARSI grade 4). C – Vacuolated cytoplasm, 
reduced organelles (OARSI grade 2). D – Enlargement of the PCM (OARSI grade 4). 

5.2. Results of histopathology assessments and 
C2C staining (Paper II) 

In this study, we correlated the degree of AC damage in OA patients with C2C 
expression in histological samples of tissues removed during TKA. The key 
findings of this study include the histopathology grade of the tissue damage, the 
stage of macroscopic damage of the tibial plateau, the kOA score, and the pro-
portion of the tissue sample stained positively for C2C depending on the tissue 
damage detected (summarized in Table 5). 
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The histopathology grades of kOA, based on OARSI indicators, ranged from 
0 to 6.5. When comparing the LTM and MTM samples of the same patient, the 
OARSI histopathology grades differed in most cases (24 from 27; 89%); equal 
grades were observed in only three patients. Higher histopathology grades were 
mostly observed for the medial side of the joint – in 17 cases, MTM samples 
showed higher grades. In only six cases, LTM samples had higher grades as 
compared to the opposite side. The OARSI histopathology grades and scores of 
MTM side samples were significantly higher than on the LTM side (p = 0.021 
and p = 0.010, respectively, Wilcoxon signed-rank test). Moreover, the per-
centage of C2C staining on the MTM side was larger than that on the LTM side 
(p = 0.022, Wilcoxon signed-rank test) (Table 5). 

Representative micrographs are presented in Figure 10 to constitute histo-
pathology grades 0, 1.5, 3.5, and 6. Additionally, a positive weak correlation 
between the percentage of C2C immunohistochemical expression and the OARSI 
histopathology grade (Spearman rho = 0.289 (corrected for ties); p = 0.0356; 
Figure 10, Table 5) was discovered. Nevertheless, this correlation did not remain 
significant when calculated only for females (n = 17) (Spearman rho = 0.189 
(corrected for ties); p = 0.285) or for males (n = 10) (Spearman rho = 0.369 
(corrected for ties); p = 0.121). Moreover, a significant positive correlation was 
found between the OA score (combining the histological grade of damage with 
the OA macroscopic stage) and the percentage of C2C staining in the samples 
(Spearman rho = 0.388 (corrected for ties); p = 0.0041). This correlation remained 
positive among the female participants (Spearman rho = 0.349 (corrected for 
ties); p = 0.043), but not in the male subgroup (Spearman rho = 0.382 (corrected 
for ties); p = 0.107). Our findings indicate indeed that the amount of tissue stained 
for C2C may be associated with cartilage damage (see Figure 10). Besides, it is 
worth noting that the OARSI histopathology grade and OARSI score correlated 
with patients’ ages (Spearman rho = 0.293 (corrected for ties); p = 0.033 and 
Spearman rho = 0.358 (corrected for ties); p = 0.0085, respectively), however the 
percentage of C2C staining in the samples did not (Spearman rho = 0.169 (cor-
rected for ties); p = 0.227). 

No correlation was found between the proportions of C2C tissue staining of 
LTM and MTM samples (Spearman rho = 0.039 (corrected for ties); p = 0.84). It 
could be because more profound damage and, therefore, more intense staining 
are usually on one (lateral or medial) side of the tibial plateau. 

There was no correlation between the extent of C2C staining and the Kellgren/ 
Lawrence score. 

https://www.mdpi.com/2227-9059/12/5/1063#table_body_display_biomedicines-12-01063-t001
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Table 5. Results of histopathology assessments and C2C staining of samples from 27 patients (10 male and 17 female patients; in each subject, 
two load-bearing sites of the tibial plateau were analysed). 

Patients’ Age (in Years) Tibial Plateau Site OARSI Histo-Grade OARSI Score (Grade × 
Stage) Assessment of C2C Staining, % 

59 (58–64) 
Min–max = 55–66 

LTM + MTM (n = 53) * 3.0 (2.5–4.3) a 

Min–max = 0–6.5 
8.0 (5.0–10.5) b 

Min–max = 0–26 
73.2 (53.2–89.5) a,b 

Min–max = 16.2–100 

LTM (n = 27) 2.5 (2.0–3.5) c 

Min–max = 0–6 
6.85 (4.6–10.4) d 

Min–max = 0–13.5 
60.4 (49.0–84.6) e 

Min–max = 16.2–96.1 

MTM (n = 26) * 3.7 (2.6–4.5) c 
Min–max = 1.5–6.5 

8.0 (5.3–13.5) d 
Min–max = 2–26 

79.6 (68.1–94.2) e 
Min–max = 42.3–100 

Data are presented as median with interquartile range in brackets; min–max—minimal and maximal values. LTM—lateral tibial plateau, 
meniscus-covered area biopsy; MTM—medial tibial plateau, meniscus-covered area biopsy. a Positive correlation of the percentage of C2C 
immunohistochemical expression with the OARSI histopathology grade (Spearman rho = 0.289, corrected for ties, p = 0.0356) and b with the 
OARSI score (Spearman rho = 0.388, corrected for ties, p = 0.0041). c Significant differences of OARSI histo-grades between LTM and MTM 
(the two-tailed p = 0.021; Wilcoxon signed-rank test), d significant differences of OARSI score between LTM and MTM (the two-tailed p = 
0.010; Wilcoxon signed-rank test) and e significant difference of C2C staining between LTM and MTM (the two-tailed p = 0.022; Wilcoxon 
signed-rank test). * Due to technical problems, no MTM sample was obtained from one patient. 
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Figure 10. A – Micrograph of a sample with histopathology grade 0: weak C2C immuno-
staining (brown) in the superficial and deep zones (counterstaining of proteoglycans with 
Toluidine blue). The cartilage content of proteoglycans, determined by the amount of 
Toluidine blue staining, was decreased in the tissue samples with more advanced OARSI 
tissue damage grade. B – Micrograph of a sample with histopathology grade 1.5: mode-
rate C2C immunostaining (brown) in the superficial and upper parts of the middle zone 
(counterstaining of proteoglycans with Toluidine blue). C – Micrograph of a sample with 
histopathology grade 3.5: overall abundant C2C immunostaining (brown), weak counter-
staining in the deep zone (counterstaining of proteoglycans with Toluidine blue). 
D – Micrograph of a sample with histopathology grade 6: abundant C2C immunostaining 
(brown) in the remaining cartilage; subchondral bone, which occupies most of the speci-
men, is virtually not stained (counterstaining of proteoglycans with Toluidine blue). A 
sample picture of negative control, where the primary antibody was omitted, is presented 
as an inset in the upper-right corner of micrograph D. All micrographs were taken using 
a 5× objective. 
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5.3. Comparison of Antigen Retrieval Methods for 
Immunohistochemical Analysis of Cartilage Matrix 

Glycoproteins Using Cartilage Intermediate Layer Protein 2 
(CILP-2) as an Example (Paper III) 

In this study, we compared different antigen retrieval methods to improve the 
outcome of IHC performed on OA cartilage obtained from TKA. We tested four 
different antigen retrieval protocols. The study showed clearly that CILP-2 IHC 
scores differ significantly depending on various combinations of antigen retrieval 
methods (Figure 11). 

Figure 11. Comparative assessment of CILP-2 IHC staining in four study groups. The 
groups were formed as follows: HIER group (heat-induced epitope retrieval without 
proteolytic-induced epitope retrieval), HIER/PIER group (proteolytic-induced epitope 
retrieval with heat-induced epitope retrieval), PIER group (proteolytic-induced epitope 
retrieval without heat-induced epitope retrieval), and control group (no antigen retrieval). 
Grades represent CILP-2 staining extent in assessment scores. Box–whiskers plot with 
5th–95th percentiles. Significant differences by the Mann–Whitney U-test: * PIER group 
vs. HIER group (p = 0.012), and ** PIER group vs. control group (p = 0.004). 

The PIER group exhibited the highest staining scores, with extensive IHC 
staining of CILP-2 observed throughout the slide (Figure 12C). Regarding CILP-
2 staining grades, the PIER group exhibited the highest levels, followed by the 
HIER/PIER group, which showed moderate CILP-2 staining (Figure 11 and 
Figure 12A, C, respectively). In the residual two groups, HIER and control, 
CILP-2 staining grades were similarly low (Figure 11). Immunostaining was 
visible only in the HIER group’s superficial layer and in the control group’s 
superficial and middle layers (Figure 12 B, D). 



 

55 

 
Figure 12. Examples of the effect of different antigen retrieval methods on CILP-2 
immunohistochemical staining. A – HIER/PIER group, some immunostaining in 
chondrocytes, imperceptible immunostaining in ECM. B – HIER group, moderate 
immunostaining in the superficial zone. C – PIER group, abundant immunostaining. 
D – Control group (no retrieval at all)—moderate immunostaining in the superficial zone 
and the middle zone. Toluidine blue was used for counterstaining. E – Image of negative 
control where the primary antibody was omitted. 
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The CILP-2 staining grades for the two groups that did not undergo proteinase 
treatment during epitope retrieval were significantly lower compared to the PIER 
group (p = 0.004 vs. control group and p = 0.012 vs. HIER group; Mann–Whitney 
U-test, Figure 11). No statistical differences were observed between groups
HIER/PIER and HIER (p = 0.069) and groups HIER/PIER and control (p =
0.084). Therefore, in the settings of this study, heat induction did not improve
antigen availability, as the results of CILP-2 immunostaining scores were similar
in the control and HIER groups. Besides, it is important to note that heat retrieval
with the application of high temperature caused the frequent loosening of
sections, which did not occur with proteinase retrieval.

One complementary morphological finding was the distinctive appearance of 
CILP-2 staining observed in the territorial matrix around the isogenous groups of 
chondrocytes in the PIER and HIER/PIER groups (see Figure 12 A, C, and Figure 
13). Such staining was not present in only the HIER-treated and control sections. 

Figure 13. CILP-2 immunohistochemical staining – brown indicates positive staining. 
A – PIER antigen retrieval. B – HIER/PIER antigen retrieval. CILP-2 staining is noted in 
the territorial matrix around the isogenous groups of chondrocytes in images A and B. 
The examples are indicated by arrows. The staining of the rest of the tissue matrix is lost 
in the group that also received heat treatment (image B), but intensive staining around the 
isogenous groups remains evident in both images. 

No specific staining was observed in the negative controls where the primary 
antibody was omitted. 
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6. DISCUSSION 

The present study was undertaken to correlate potential OA markers in the AC 
with the degree of cartilage damage in kOA, applying both OARSI grading and 
staging. In recent years, several cartilage matrix breakdown products as OA mar-
kers have been evaluated in readily accessible biological samples, such as urine 
and blood serum. However, there is a clear need to detect putative biomarkers 
first in the AC to ensure that the tissue-level changes correspond to the actual 
tissue damage and the grade of OA. It is important to acknowledge that some 
ECM degradation products are not exclusively specific to cartilage. Although 
these molecules are found in AC, they may also be present in various other tis-
sues, and consequently, the excreted biomarkers may not originate solely from 
cartilage. 

It has to be emphasised that very few histopathological studies specifically 
address the tissue-level expression of putative markers in the knee AC. Although 
biopsy-level assessment of cartilage damage for OA evaluation is not feasible in 
clinical practice, we propose that research on potential OA biomarkers should 
prioritise investigations at the tissue level. This approach would provide a more 
accurate representation of the biomarkers’ involvement and role in the patho-
genesis of cartilage degradation. Therefore, in the present study, we evaluated 
selected OA markers such as CILP-2, DDR2 (Paper I), and COL2-C2C (Paper 
II) in the AC. We compared the proportion of tissue staining of these biomarkers 
with OARSI histopathology results, which reflected morphological changes in 
AC. Besides, in Paper I, we compared OARSI histopathology grades obtained 
from the medial and lateral tibial plateaus of each individual and observed 
ultrastructural changes in the AC using TEM. In Paper III, we compared different 
antigen retrieval methods to improve the outcome of IHC performed on AC, 
using CILP-2 as an example. 

 
 
6.1 OARSI histopathology grades and predominant side of 

tibial plateau damage of OA patients undergoing total 
knee arthroplasty 

We analysed samples from twenty patients undergoing TKA to characterise OA-
induced changes in the AC. Advanced OARSI histopathology grades (grades 3 
and above) were determined in most of the patients’ samples. However, in nine 
patients’ samples, OARSI grades did not exceed grade 3, demonstrating that not 
all patients undergoing TKA have far-advanced cartilage damage. Persistent pain, 
forcing patients to seek TKA, is not linearly dependent on the extent of cartilage 
destruction, as OA pain is known to be initiated from free axonal endings located 
in the synovium, periosteum, subchondral bone, and tendons, but not in the carti-
lage (Perrot, 2015). 
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We obtained two punches from each subject from the load-bearing sites of the 
medial and lateral tibial plateau, allowing us to conduct side comparisons. The 
analysis of the OARSI histopathology grades of the two sides demonstrated 
higher grades more frequently in the medial tibial plateau than in the lateral tibial 
plateau (12 vs seven cases; in one case, histopathology grades were equal for both 
sides). Predominant damage of the medial tibial plateau of OA patients is 
commonly reported (Raju et al., 2012; Stoddart et al., 2021; Piccolo et al., 2023), 
whereas Barrett et al in a radiographic study of kOA reported that in 63% of cases, 
degenerative changes were found in the medial compartment (Barrett et al., 
1990). Furthermore, our findings indicated a trend toward an increasing disparity 
in OARSI histopathology grades between the medial and lateral compartments in 
patients exhibiting predominant medial compartment degeneration. Conversely, 
in patients with predominant lateral compartment degeneration, the disparity 
between the two sides was less pronounced. Therefore, the predominant lateral 
side damage group with a small difference between the sides may represent the 
‘non-classical pattern’ of kOA. The differential contribution of the medial and 
lateral sides of the joint to symptom manifestation in kOA has also been shown 
in a study, which found that lateral compartment kOA was associated with a 
higher risk of pain and increased inflammation assessed by high-sensitivity C-
reactive protein (hsCRP) (Nigoro et al., 2021). Moreover, in two large prospec-
tive cohort studies of kOA, risk factor profiles for medial and lateral compartment 
radiographic kOA were found to be different – obesity and varus malalignment 
were found to be more strongly associated with medial compartment kOA, where-
as older age, female sex, and valgus knee malalignment were more strongly 
associated with lateral compartment kOA (Wei et al., 2019). 

 
 

6.2. CILP-2 as a potential marker of OA progression 
In our study, we correlated CILP-2 and DDR2 expression in the AC with the 
degree of OA-induced histopathological damage. If DDR2 is already known to 
correlate with the degree of human knee cartilage destruction (Sunk et al., 2007; 
Suutre et al., 2015), then CILP-2 is considered a promising novel biomarker 
shown in human kOA to relate to radiographically detected cartilage thickness 
loss (Boeth et al., 2019). CILP-2 is a novel ECM protein which is expressed by 
articular chondrocytes (Bernardo et al., 2011). Bernardo et al found that CILP-2 
appeared to be more localized in the deeper intermediate zone of the AC ECM at 
maturity (Bernardo et al., 2011). In our study, we found CILP-2 expressed in the 
superficial zone, in the middle zone, and in the deep zone, predominantly in the 
PCM. Therefore, CILP-2 staining in our samples of advanced OA was not 
restricted to the intermediate layer as described in the original studies that gave 
the specific name to the protein. Nevertheless, we found more abundant CILP-2 
staining in the middle zone in samples with high OARSI grades, i.e. equal or 
exceeding grade 3. More importantly, we found extensive CILP-2 staining in 
samples with advanced AC damage and detected a positive correlation of 



 

59 

CILP-2 expression with both OARSI histopathology grades and stages. 
Furthermore, differences in CILP-2 staining were found when patients were 
divided into low and high OARSI grade groups: a significantly increased CILP-
2 staining was noted in the superficial and middle zones but not in the deep zone 
in the group of high OARSI grade. Also, differences in CILP-2 staining pro-
portions were observed when patients were categorized based on the predominant 
site of tibial plateau damage. In the group with predominant medial compartment 
damage (MT group), CILP-2 staining exhibited a positive correlation with both 
OARSI grades and macroscopic joint surface damage scores. However, no such 
correlation was seen in the group of predominant lateral side damage (LT group). 
Thus, it can be further speculated that CILP-2 expression differences in these 
groups may support the notion of a ‘classical pattern’ of the kOA associated with 
medial tibial plateau involvement, whereas lateral tibial plateau involvement may 
represent a ‘non-classical pattern’. 

The already acknowledged OA marker DDR2 is considered a cell surface 
signalling molecule, accelerating the process of AC damage by upregulating the 
expression of MMPs (Sunk et al., 2007; Xiao et al., 2021). We found DDR2 
staining predominantly in the superficial and middle layers of cartilage of the 
TKA patient. However, in samples of advanced OARSI grades, extensive DDR2 
staining was seen in the deep layer, similar to the staining pattern of CILP-2. The 
tendency of increased proportion of cartilage staining for DDR2 was seen in the 
case of higher cartilage damage; however, the difference between the low and 
high OARSI grade groups was not significant. Also, no correlations were found 
between DDR2 staining and OARSI grades (p = 0.079) or scores (p = 0.054). 
Furthermore, no differences in DDR2 expression were recorded when patients 
were divided into the MT and LT groups with predominant medial or lateral side 
damage, respectively. Still, the positive correlation found between DDR2 and 
CILP-2 expression supports the similar potential of these two OA markers. 

Based on these findings, CILP-2 may be considered a better potential marker 
of OA-related tissue damage than DDR2. This is supported by other researchers 
suggesting that CILP-2 may be associated with the progression of OA (Bernardo 
et al., 2011; Boeth et al., 2019). However, contradictory results have been 
reported. Bernardo et al found that CILP-2 is reduced during cartilage degene-
ration in a mouse OA model (Bernardo et al., 2011). Vice versa, the proteomics 
studies revealed an increased amount of CILP-2 in OA hip and knee AC samples 
obtained during joint replacement operations (Hosseininia et al., 2019; Hsueh et 
al., 2016). Boeth et al proposed CILP-2 to be a collagen degeneration serum bio-
marker indicating early development of kOA, as serum CILP-2 levels were found 
to be related to MRI-detected cartilage thickness loss in individuals with a 30-
year history of high-impact training in weight-bearing sports (Boeth et al., 2019). 
On the other hand, Lorenzo et al (Lorenzo et al., 2004) demonstrated an upregula-
tion of CILP, likely CILP-1, in both early and late stages of human kOA. Hence, 
more studies are needed to understand the functional role of CILPs in OA AC. 
As CILP-1 and CILP-2 are approximately 50% homologous in their structure, it 
is important to note that early reports regarding CILP expression in tissues can 
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sometimes complicate the differentiation between the two CILP isoforms. CILP 
protein was first described in 1998 (Lorenzo et al., 1998), and only in 2003 
existence of two CILP isoforms, CILP-1 and CILP-2 was reported (Johnson et 
al., 2003). Thus, it may not always be clear which CILP isoform was analysed in 
tissues in studies published before 2003. This is particularly relevant in the con-
text of immunological methods, as the two isoforms are similar and may share 
the same epitope for the antibody (Bernardo et al., 2011; Johnson et al., 2003). 
The information in these publications about specific epitopes used for producing 
the antibodies is limited. 

6.4. Possible role of pericellular matrix in the initiation of 
OA and characteristic ultrastructural changes in 

the osteoarthritic articular cartilage 
It is assumed that the pathogenetic processes of OA cartilage start in the ECM, 
and it has been proposed that the onset of OA may be initiated in the PCM, a thin 
layer surrounding chondrocytes, which mediates biochemical and biomechanical 
signals (Guilak et al., 2018). The molecular cascade of events leading to degrada-
tion of the PCM is believed to involve upregulation of different molecules, such 
as TGF-β1, DDR2, and MMP13, an ECM degrading enzyme (Xu & Li, 2020). In 
our TEM investigations, we observed characteristic dilatations or irregular 
arrangement of the PCM in samples with higher OARSI grades. Similarly, Lee 
and co-authors, who utilized enzymatically isolated chondrons form normal and 
OA human cartilage, reported the higher incidence of enlarged PCM in OA 
cartilage (Lee et al., 2000). Regarding CILP-2 IHC staining, we detected it in the 
ECM but specially also in the PCM. These findings align with the ultrastructural 
analysis conducted by Bernardo et al., who proposed that CILP-2 may be as-
sociated with collagen VI microfibrils in the PCM, as CILP-2 was shown to co-
localized with collagen VI suprastructures, allowing to hypothesize that CILP-2 
may mediate interactions between matrix components in the territorial and inter-
territorial AC matrix (Bernardo et al., 2011). 

Our TEM studies of the superficial zone of the AC demonstrated strongly 
damaged chondrocytes being more obvious in specimens with higher OARSI 
grades. Many cells were highly vacuolated, lipid droplets were frequently seen, 
and the organelles were often diminished or focally aggregated, e.g. large areas 
with enlarged cisterns of rER and expanded areas of aggregated cytoskeletal 
filaments were seen. It has been proposed that alterations in the cytoskeleton may 
be related to the modification of the cell’s synthetic activity, which in turn leads 
to a change in the cell’s shape. The transformation of the spindle-shaped chondro-
cytes in the superficial layer of the cells to a rounded or elongated shape is thought 
to represent the acquisition of the phenotype characteristic of the chondrocytes in 
the reparative or degradative phase of OA progression (Kouri & Lavalle, 2006). 
This hypothesis is supported by the findings of our study where most of the 
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chondrocytes from the superficial zone of the cartilage had a rounded or elongated 
shape, and as stated above, the cells had several characteristic features of de-
generative cells. This may also be associated with the loss of the superficial layer, 
as described by Basso et al. (Basso et al., 2020). Reorganization of the cyto-
skeleton (Kouri & Lavalle, 2006), as well as dilatation of cisterns of rER referred 
to as ER stress (Rellmann et al., 2021), are thought to activate chondroptosis, a 
variant of classical apoptosis which leads to chondrocytes’ death (Roach et al., 
2004). In our samples, many cells were seen with enlarged areas of rER and 
cytoskeletal filaments; the nuclei of these cells were with patchy chromatin 
condensation, features considered characteristic of chondroptosis. Furthermore, 
we saw cell remnants and vesicular debris in the cell lacunae, another feature 
typical of the final stages of chondroptosis (Roach et al., 2004). 
 
 

6.5. Cartilage collagen neoepitope C2C as a molecular 
marker of the severity of knee osteoarthritis  

The breakdown of collagen in the AC is considered a critical and possibly irrever-
sible point in the progression of OA (Eyre, 2002). MMPs can cleave the natural 
triple-helix structure of collagen (Vincenti & Brinckerhoff, 2002), producing two 
new peptides, three-quarter-length and one-quarter-length of mature Col2, with 
specific neoepitopes at cleavage sites (Bay-Jensen et al., 2022; Bay-Jensen et al., 
2008). Such neoepitopes include the C-terminal telopeptide of type II collagen 
(CTX-II), COL2-3/4C Short (C1,2C), matrix metalloproteinase (MMP)-derived 
Col2 neoepitope (C2M), and Col2 C-terminal cleavage neoepitope (C2C). The 
latter neoepitope was of interest to us as increased urine levels of C2C were 
correlated with radiographic grade of kOA in several studies (Tamm et al., 2014; 
Poole et al., 2016; Cibere et al., 2009; Kraus et al., 2017), suggesting that C2C 
may serve as a potential diagnostic marker for OA development. However, it is 
important to examine the expression and localization of the C2C neoepitope 
directly in damaged cartilage, considering that other tissues in the body may 
contribute to its excretion. Such a type of investigation is of significance not only 
for C2C but also for other biomarkers to establish their pathogenetic relevance in 
the context of the disease (Poole et al., 2016; Torga et al., 2024). 

When assessing C2C as a potential marker, it is crucial to demonstrate the 
protein in histological samples, which offers the strongest evidence for es-
tablishing a correlation between the actual tissue damage and the levels of the 
biomarker in the cartilage. It should be pointed out that it was the first time this 
C2C antibody was used in IHC-P experiments. Thanks to collaboration with 
IBEX, we managed to get the antibody employed in the IB-C2C-Human Urine 
Sandwich Assay (IB-C2C-HUSA™) for our immunohistochemical experiments. 
As this antibody has not been commercially available for IHC studies, we had  
a unique situation to demonstrate C2C expression in tissues. Several studies  
have effectively utilised IB-C2C-HUSA™ to trace C2C in the urine of kOA  
patients, revealing a positive association with the degree of cartilage degradation, 
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reporting also increased levels to positively associate with the risk of emergent 
kOA, its onset and progression, particularly in females (Poole et al., 2016; Kuhi 
et al., 2020; Kuhi et al., 2021). The antibody specific to this type of peptide has 
been validated through Western blot analysis (Poole et al., 2004). The appropriate 
staining pattern of the cartilage tissue matrix, observed with the antibody, along 
with the finding that the proportion of tissue stained for C2C correlated with the 
tissue damage, ensured evidence that in IHC experiments, the proper epitope was 
detected with the antibody. C2C expression was detected in all the regions of AC, 
including the superficial zone, the mid zone, the deep zone, the tidemark area, 
and the zone of calcified cartilage. The subchondral bone was generally not 
stained. 

It is worth emphasizing that, even though detected and measured in body 
fluids, the investigation and quantification of neoepitopes in AC have been the 
subject of limited attention within the existing literature, resulting in a restricted 
pool of studies available for consideration. A correlation between another neo-
epitope, CTX-II, staining and tissue damage has been described in patients with 
femoral head necrosis (He et al., 2019). Neoepitope COL2-3/4C Short (C1,2C) 
has been detected in the AC of mice, while neoepitope C2M has been identified 
in the AC of humans. However, there is limited evidence regarding alterations in 
their expression and their relationship to tissue damage (He et al., 2019; Thomas 
et al., 2015). Poole et al. introduced an antibody designed to target neoepitope 
C2C, but their study did not undertake an exploration of potential immunohisto-
chemical applications, as focused on the quantification of the C2C in patients’ 
serum and urine samples using the ELISA test (Poole et al., 2004). In a paper by 
Dejica et al., C2C and C1,2C were detected and described in AC, but the results 
of immunohistochemistry were not quantified (Dejica et al., 2012). An additional 
neoepitope of the C-terminus of the Col2 TCA fragment (type-II collagen α chain 
¾ length fragment) was assessed in equine AC, but the staining patterns were 
characterized solely by their intensity, lacking direct quantification (Billinghurst 
et al., 2001). Thus, there has been limited investigation into quantifying the neo-
epitopes at the tissue structural level, and, therefore, it is important to describe 
the local immunohistochemical expression pattern of C2C in AC. 

In our study, we show that it is possible to detect C2C in articular osteoarthritic 
cartilage, and we demonstrated a correlation between C2C expression and both 
the grade of cartilage damage and the overall knee joint damage score as 
evaluated by OARSI indicators. This implies that C2C may possess indicative 
properties for the development of kOA on the local level. It is important to note 
that an ideal biomarker should demonstrate a strong correlation with the advance-
ment of tissue damage, both at the tissue level and in more readily accessible 
biomaterials like plasma or urine. Subsequent investigations should ascertain 
whether local tissue alterations of C2C content are reflected in the C2C levels 
found in urine samples – an aspect explored to some extent by other researchers 
(Kuhi et al., 2021). 
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6.6. Antigen retrieval methods to enhance results of  
CILP-2 immunohistochemical staining  

In Paper III, we also studied the expression of CILP-2 in OA cartilage, but at the 
same time, specifically addressed methodological challenges in unmasking epi-
topes for ICH staining. As epitope retrieval methods affect the most crucial step – 
antibody binding to its epitope, we focused on the testing of different antigen 
retrieval methods. 

If a tissue sample is fixed in formalin, as is the case with most of the routinely 
collected pathoanatomical specimens, the cross-linking of protein amino acid 
residues occurs, involving formaldehyde-derived methylene bridges, which may 
block the antibody binding and therefore mask the antigen availability for IHC, 
necessitating the implementation of effective epitope retrieval techniques (Ezaki, 
1996; McNicol & Richmond, 1998). There are essentially two methods to retrieve 
the epitope in the tissue so that it can bind to the antibody. One possibility is to 
break the methylene bridges by heating, applying a method designated as heat-
induced epitope retrieval (HIER), and the other option is the digestion of struc-
tures surrounding the epitope with the help of enzymes – a method designated as 
proteolytic-induced epitope retrieval (PIER) (Dou et al., 2021). It is usually 
expected that HIER would give better results, as there is a risk that PIER may fail 
to unmask the epitope or destroy the tissue morphology and the antigen of inte-
rest, but it has also been suggested that a combination of HIER and PIER would 
give the best results (Shi et al., 2001; Ezaki, 2000). An added effect of HIER 
combined with PIER was also our working hypothesis when we started tests of 
antigen retrieval for the IHC in the AC. However, as we soon discovered, the 
optimal results were achieved with the enzymatic treatment. We found no bene-
ficial retrieval effect of heating compared to non-treated AC specimens, and 
furthermore, when heating was added to enzymatic retrieval, the final staining 
was significantly reduced compared to the use of only proteinase K/hyaluronidase 
treatment. Moreover, heating resulted in the frequent detachment of sections from 
the slides. We also found a distinctive appearance of CILP-2 staining in the terri-
torial matrix around the isogenous groups of chondrocytes in groups that received 
the proteolytic treatment. This was especially distinctive in the HIER/PIER 
group, as the rest of the cartilage matrix seemed to lose the staining, while it was 
still preserved around the isogenous groups. This was noted in superficial, inter-
mediate, and deep layers of AC, and it could be hypothesized that CILP-2 mole-
cules in closer proximity of the chondrocytes were synthesized relatively recently 
compared to the rest of the tissue matrix and were therefore perhaps more 
resistant to the heat treatment. 

Interpreting these results is challenging due to the unique characteristics of 
cartilage. This tissue is distinguished by a dense and highly organized ECM, 
which can impede antibody penetration and affect immunohistochemical ana-
lyses. This makes it important to choose an appropriate retrieval method for 
immunohistochemical research of the cartilage. Compared to other tissues, where 
the application of HIER or a combination of HIER and PIER is optimal, in 
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cartilage, the use of proteinases for antigen retrieval may be more relevant. This 
is supported by studies on skeletal tissues where PIER yielded better results than 
HIER (Dou et al., 2021; Amitham et al., 2020). Furthermore, PIER seems parti-
cularly useful as it does not cause as extensive detachment of cartilage sections 
from glass slides as HIER. The poor adhesion of cartilage sections to microscope 
slides has been a challenge with HIER, as reported by others working on skeletal 
tissues (Idleburg et al., 2021; Dou et al., 2021). It should also be noted that osteo-
chondral tissues usually require proper decalcification. To protect the antigens of 
interest throughout the extended decalcification step, the skeletal tissues need to 
be thoroughly fixed (usually no less than 24 to 48 hours), which again emphasizes 
the necessity of selecting effective antigen retrieval methods for skeletal tissues 
once the IHC has to be performed. Yet another factor in determining the optimal 
antigen retrieval method and, therefore, the successful binding of the antibody to 
its antigen is the nature of the antigen molecule itself. The temperatures involved 
in the HIER protocols can be rather extreme, and the factors determining the 
thermostability of a protein (such as glycosylation) could have a significant effect 
on the outcome of IHC. To address the limitations of our study, we have to 
acknowledge that we cannot rule out the possibility that OA-induced changes in 
the AC may impact the availability of epitopes as well as the outcome of the 
antigen retrieval. Since it has been shown that glycosylation increases the stability 
of a protein (Solá & Griebenow, 2009), the structure of the glycoproteins in OA-
affected cartilage does not need to be the same as in metabolically and func-
tionally normal tissue. To reduce the effect of the advancement of the OA on our 
results, sections from all the samples were treated with all three retrieval proto-
cols and a control protocol (no retrieval) to have a comparison within the sample. 
A dedicated chemical characterization of the heat sensitivity of the molecules in 
pathological tissues should be performed to further prove our hypothesis. Also, 
while this study focuses on OA cartilage, the findings may not apply to other 
types of tissues or conditions. However, it is important to acknowledge that 
immunohistochemical analysis of cartilage exhibits unique characteristics that 
differentiate it from other tissues, often necessitating the use of cartilage-specific 
IHC protocols. 
 
 

6.7. Strengths and limitations of the study 
As a strength of the study, it should be emphasized that the enrolled patients 
formed a cohort of OA patients with the age below 70 years (age from 46 to 68 
years – Paper I; 55–66 – Paper II; 55–65 – Paper III), i.e. a middle-age population 
cohort in terms of OA investigations, where the factor of ageing is not pro-
nounced, representing patients with rapid OA progression. 

Another strength of the study is that the evaluations of immunohistochemical 
staining were performed with computer assistance, reducing the subjectivity of 
the estimations. 
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Among the limitations of the study, it should be drawn out that the study 
groups were relatively small, not allowing to prove all possible statistical associa-
tions. Secondly, obtaining an appropriate comparison group of healthy cartilage 
specimens from normal knee joints was not feasible due to ethical and logistical 
constraints. Thirdly, not the same patients were enrolled in all studies; as only 
five patients were enrolled in both Paper I and Paper II, it was not possible to 
correlate the expression of CILP-2 and C2C. 
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7. CONCLUSIONS

The study demonstrated that CILP-2 and C2C are promising biomarkers for kOA, 
showing a correlation with the degree of local tissue damage as assessed by 
OARSI grades and joint surface damage in samples from patients undergoing 
total knee arthroplasty (TKA). 

I. The comparative evaluation of three antigen retrieval protocols for CILP-2
immunohistochemistry (IHC) revealed that the optimal results were achieved
using proteolytic-induced epitope retrieval (PIER), which combined pro-
teinase K with hyaluronidase.

II. Assessing the expression of CILP-2 in the knee AC of OA patients showed
a positive correlation between CILP-2 levels and the degree of cartilage
damage, as determined by OARSI histopathology grades and macroscopic
joint surface damage scores.

III. C2C expression was found to correspond with the severity of OA, showing
positive correlations between the proportion of cartilage stained for C2C and
both the grades of cartilage damage and the overall knee joint damage scores,
as evaluated by OARSI indicators. Thus, C2C holds promise as a biomarker
for monitoring OA-induced histopathological changes of AC.

IV. The expression pattern of DDR2 in the AC was similar to that of CILP-2,
showing a positive correlation between DDR2 and CILP-2 expression. How-
ever, unlike CILP-2, DDR2 did not exhibit statistically significant correla-
tion with OARSI histopathology grades and scores, making CILP-2 a more
reliable marker of OA-related cartilage damage than DDR2.

V. TEM investigations of the superficial zone of the AC revealed severely
damaged chondrocytes with several features of degenerative cells and
chondroptosis, especially in specimens with higher OARSI grades. Irregular
arrangements of the pericellular matrix (PCM) were observed, and since
CILP-2 IHC staining was predominantly localized in the PCM, this supports
the hypothesis of the importance of PCM in OA.
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9. SUMMARY IN ESTONIAN

Põlve osteoartroosi molekulaarsete markerite CILP-2, DDR2 ja 
C2C seos koekahjustuse raskusastmega 

Sissejuhatus 

Osteoartroos (OA) on kõige levinum liigesekahjustuse vorm ja kõige sagedamini 
esinev luu- ja lihaskonna valu põhjustav haigus. See haigus mõjutab peamiselt 
sünoviaalliigeseid. See on progresseeruv degeneratiivne haigus, mis esineb pea-
miselt täiskasvanuil ja hõlmab endas liigeskõhre ja periartikulaarsete kudede ehi-
tust ja funktsiooni mõjutavaid patoloogilisi muutusi. OA levimus suureneb 
märkimisväärselt vanusega – valdav enamus juhtudest esineb pärast 40. eluaastat. 
OA esinemissageduse suurenemine on suuresti tingitud vananevast elanikkon-
nast (Palazzo et al., 2016). See on haigus, mis on tihti seotud valuga, ning valu 
kui ka liigese funktsionaalsuse vähenemine halvendavad oluliselt patsientide 
elukvaliteeti. Kuigi OA on kõige levinum luu- ja lihaskonna haigus, ei ole selle 
patofüsioloogia veel täpselt teada (O’Neill et al., 2018). 

Pikka aega on OA-d kirjeldatud kui “kulumishaigust”. Uuemad OA-d puudu-
tavad uuringud aga viitavad sellele, et tegemist on keerulise ja mitmetest tegu-
ritest sõltuva seisundiga. Kuigi kõhrkoe kulumine ja kadu on OA puhul peamine 
patoloogiline tunnus, on nüüdseks leitud, et OA on haigus, mis mõjutab kogu 
liigest, põhjustades põletikku ja patoloogilisi muutusi subkondraalses luus ja 
pehmetes kudedes, nagu sünooviumis, meniskides ja sidemetes (Wilder et al., 
2002). OA peamised tunnused on kurnav valu, liigesejäikus, turse ja liikuvuse 
piiratus. Lisaks füüsilisele mõjule on OA-d seostatud vaimse tervise häirete ja 
südame-veresoonkonna haiguste suurenenud riskiga. OA arengut soodustavad 
mitmed riskifaktorid nagu vananemine, traumaatiline põlvevigastus, rasvumine, 
geneetiline eelsoodumus, ebanormaalne mehaaniline stress ja muu infektsioonist 
või operatsioonist põhjustatud põletik (Niu et al., 2009; Palazzo et al., 2016; Long 
et al., 2022). 

Põlv on OA poolt kõige sagedamini mõjutatud liiges hinnangulise üleilmse 
levimusega 365 miljonit haigusjuhtu, millele järgnevad puusa- ja käeliigese OA 
(Watt, 2021). Põlveliigese OA (pOA) esineb rohkem naistel kui meestel – 
hinnanguline levimus on 60-aastaste ja vanemate inimeste seas 10% meestest ja 
13% naistest (O’Neill et al., 2018). Kuigi pOA tekke ja progresseerumise täpsed 
mehhanismid ei ole täielikult välja selgitatud, viitavad uuringud mehaaniliste, 
biokeemiliste ja geneetiliste tegurite koosmõjule (Xin et al., 2021). 

OA diagnoosimine põhineb tavaliselt kliinilistel sümptomitel ja radioloogi-
listel leidudel, mis sageli kinnitavad kaugelearenunud OA-d, kui on vaja kirurgi-
list sekkumist (Felson & Hodgson, 2014). On leitud, et OA-ga seotud moleku-
laarsed muutused tekivad palju varem kui märgatavad kliinilised sümptomid 
(Valdes, 2020). Seetõttu on kasvanud huvi biomarkerite vastu, mis suudavad 
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tuvastada kõhre lagunemist, peegeldada haigusprotsessi aktiivsust ja ennustada 
haiguse progresseerumist (Mobasheri, 2012; Rodriguez-Merchan, 2023). 

Vaatamata ulatuslikele prekliinilistele uuringutele ei ole OA-le täna põhjus-
likku ravi olemas. OA patogeneesi mõjutavate molekulaarsete mehhanismide 
piiratud mõistmine on takistanud tõhusate ravistrateegiate väljatöötamist. Praegu 
on põlve endoproteesimine endiselt peamine ravi kaugelearenenud pOA korral, 
mis on suures osas muutumatuna püsinud alates selle kasutusele võtmisest 1968. 
aastal. Seetõttu on pakiline vajadus OA varajase staadiumi ravistrateegiate järele, 
et peatada haiguse progresseerumine enne pöördumatute liigesekahjustuste tekki-
mist (O’Neill et al., 2018). Lisaks tuntakse OA-d üha enam heterogeense seisun-
dina, millel on erinevad alatüübid (endotüübid), mis lisab selle patogeneesile ja 
ravile täiendavat keerukust. Lisaks on oluline mainida, et operatsioon ei pruugi 
teise põlve kahjustusi ära hoida – OA võib olla süsteemsem haigus, kui arvatakse. 
Sageli esineb OA puhul mitme liigese kombinatsioon, mõlemad põlved, 
põlv/puus (Metcalfe et al., 2012). 
 
 

Uuringu eesmärgid 

Selles töös uuriti OA patogeneesiga seotud molekulaarsete markerite: kõhre 
vahekihi valk 2 (inglisk – cartilage intermediate layer protein (CILP-2)), dis-
koidiini domeeni retseptor 2 (inglisk – discoidin domain receptor 2 (DDR2)) ja 
II tüüpi kollageeni (Col2) lõhustumise neoepitoop (inglisk – collagen type-II C-
terminal cleavage neoepitope (C2C)) ekspressiooni OA kõhres. Uuringu eesmärk 
oli analüüsida ja hinnata, kas põlveliigese osteoartroosiga (pOA) patsientide 
kõhrkoes tuvastatud molekulaarsete markerite immunohistokeemilise värvingu 
ulatus ja paigutus korreleeruvad morfoloogiliste muutustega, näidates seeläbi 
nende markerite potentsiaalset rolli OA patogeneesis. 

 
Töö hüpoteesid olid järgmised: 
1. Biomarkerite CILP-2, DDR2 ja C2C avaldumine pOA kõhrkoes korre-

leerub lokaalse OARSI (Rahvusvahelise Osteoartriidi Uurimise Ühingu) 
hindamissüsteemi järgi määratud kõhrekahjustuse astme ja makro-
skoopilise liigespinna kahjustuse skooriga. Need markerid võivad olla 
usaldusväärseteks indikaatoriteks OA-ga seotud kõhrekahjustuste korral. 

2. CILP-2, DDR2 ja C2C värvumismustrite detailne strukturaalne kirjeldus 
ja võrdlus histoloogiliselt iseloomustatud koekahjustusega võib anda 
täiendavaid teadmisi kõhre lagunemise patogeneesist. 

 
Uuringu konkreetsed eesmärgid olid järgmised 
Antigeeni esile toomise protokollide optimeerimine: hinnata ja võrrelda kolme 
erinevat CILP-2 antigeeni esile toomise protokolli OA liigeskõhre proovides 
eesmärgiga optimeerida skeletikudedele mõeldud protokolli, kuna CILP-2 puhul 
kasutatud antigeeni esile toomise meetodid näitavad olulist varieeruvust 
immunohistokeemilisel värvimisel. 
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CILP-2 ekspressiooni hindamine: hinnata CILP-2 ekspressiooni pOA pat-
sientide kõhrkoes ja määrata selle korrelatsioon kõhrekahjustuse astmega, mida 
hinnati OARSI histopatoloogiliste astmete ja makroskoopiliste liigespinna 
kahjustuste skooridega, ning seeläbi analüüsida ja hinnata CILP-2 potentsiaali 
OA-ga seotud koekahjustuse biomarkerina. 
 
C2C ekspressiooni hindamine: hinnata C2C ekspressiooni pOA kõhrkoe eri-
nevates piirkondades ja määrata selle potentsiaal OA progresseerumise bio-
markerina, hinnates selle korrelatsiooni OARSI kõhrekahjustuse astmete ja 
skooridega. 
 
DDR2 ekspressiooni uurimine: Uurida DDR2 ekspressioonimustrit pOA kõhr-
koes ja võrrelda seda CILP-2 ekspressiooniga, hõlmates nende vastavaid korre-
latsioone OA raskusastmega, et määrata usaldusväärsem kandidaat haiguse ning 
selle võimalike progresseerumise markerite uurimiseks. 
 
Ultrastruktuursete muutuste analüüs: Analüüsida ultrastruktuurseid muutusi 
pOA pindmise kihi kõhrkoe kondrotsüütides ja peritsellulaarses maatriksis, kasu-
tades transmissioonelektronmikroskoopiat (TEM), keskendudes eelkõige kond-
roptoosile ja võimalikule peritsellulaarse maatriksi osalusele OA patogeneesis. 
 
 

Uuritavad ja meetodid 

Uuringusse kaasati kuni 70 aastat vanad patsiendid Tartu Ülikooli Kliinikumi 
traumatoloogia ja ortopeedia kliinikust, kellel oli radioloogiliselt diagnoositud 
lõppstaadiumis põlveliigese osteoartroos (Kellgren/Lawrence radioloogine skoor 
3-4) ja kellele teostati esmane ühepoolne täielik põlveliigese asendusoperatsioon. 
Välja jäeti patsiendid, kellel olid viimase kolme kuu jooksul esinenud ägeda 
infektsiooni tunnuseid. Samuti välistati patsiendid, kellel oli diagnoositud reuma-
toidartriit, sekundaarne osteoartriit, mis oli põhjustatud traumast, podagrast, 
infektsioonidest, või põlveliigeseid mõjutavatest kaasasündinud ja arengulistest 
probleemidest. Ajavahemikul 2017–2018 patsientidelt kogutud materjalist ana-
lüüsiti 43 patsiendi proove. Patsientidest 26 olid naised ja 17 mehed vanuses 46-
68 eluaastat. 

Biomarkerite CILP-2 ja DDR2 uuringusse kaasati 20 patsienti, kellest 8 olid 
mehed ja 12 naised vanusevahemikus 46-68 eluaastat. Võrreldi sääreluu mediaal-
selt ja lateraalselt platoolt kogutud proove. Biomarkerite määramiseks kõhrkoes 
kasutasime immunohistokeemilist uuringut. 10 patsiendi puhul teostati ka TEM 
uuringud ultrastruktuursete muutuste uurimiseks. OARSI kahjustusastmete 
hindamiseks valmistati histoloogilised preparaadid ja värviti safraniin O vär-
vinguga. Makroskoopiline kahjustusaste määrati visuaalselt hinnates patoloo-
giliste muutuste ulatust sääreluu platool vastavalt OARSI parameetritele. 

Biomarker C2C uuringusse kaasati 27 patsienti, kellest 10 olid mehed ja  
17 naised vanusevahemikus 55-66 eluaastat. Võrreldi sääreluu mediaalset ja 
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lateraalset platoolt kogutud proove. Biomarkerite määramiseks kõhrkoes kasu-
tasime immunohistokeemilist uuringut. OARSI kahjustusastmete hindamiseks 
valmistati histoloogilised preparaadid ja värviti safraniin O värvinguga. Makro-
skoopiline kahjustusaste määrati visuaalselt, hinnates patoloogiliste muutuste 
ulatust sääreluu platool vastavalt OARSI parameetritele. 

Antigeeni esile toomise meetodite optimeerimise uuringusse kaasati 4 pat-
sienti, kellest 2 olid mehed ja 2 naised vanusevahemikus 58-65 eluaastat. Kolmelt 
patsiendilt võeti kõhrebiopsiad sääreluu platoo koormust kandvatest kohtadest. 
Ühelt patsiendilt võeti kolm proovi erinevatest kohtadest, et tagada testimiseks 
piisav materjali hulk ja kontrollida erinevate värvimisprotokollide kohaspetsii-
filisust. Katsetati kolme erinevat antigeeni esile toomise protokolli. 

Statistiliseks andmetöötluseks kasutati mitteparameetrilisi meetodeid (Spear-
mani’i astakkorrelatsiooni, Wilcoxon’i sobitatud paaride testi, Mann-Whitney U-
testi). 

Uuringute läbiviimiseks oli saadud luba Tartu Ülikooli inimuuringute eetika-
komiteelt. 

 
Tulemustest lähtuvad järeldused 

Uuring näitas, et CILP-2 ja C2C on paljulubavad pOA biomarkerid. Mõlemate 
biomarkerite värvingu ulatus korreleerus OA lokaalse koekahjustuse raskusega, 
nii kõhrekahjustuse sügavust näitava OARSI hindamissüsteemi astmetega kui ka 
OARSI skooridega, mis hinnangus arvestavad täiendavalt kogu kõhrepinna 
makroskoopilise kahjustuse ulatust. 

 
1. Kolme CILP-2 immunohistokeemilisele värvimisele eelnenud antigeeni 

esile toomise protokolli võrdlev hindamine näitas, et optimaalsed tule-
mused saavutati PIER-meetodil ehk proteolüütiliselt indutseeritud epi-
toobi esile toomisega, mis hõlmas proteinaas K kombineerimist hüalu-
ronidaasiga. 

Liigeskõhrede CILP-2 immunohistokeemilistel uuringutel ilmnes 
vajadus antigeeni esiletoomise järele. Kolme antigeeni esile toomise 
meetodite võrdlusest ilmnes, et immunohistokeemiliste uuringute tule-
mus varieerub nimetatud markeri puhul sõltuvalt antigeeni esiletoomise 
meetodist äärmiselt suurel määral ning liigeskõhre koeproovides andis 
parima tulemuse proteolüütilisi ensüüme rakendav PIER-meetod. Sageli 
antigeenide esile toomiseks rakendatav koelõikude kuumtöötlus (HIER-
meetod; kuumutamisega indutseeritud antigeeni esile toomine) andis 
selgelt nõrgema CILP-2 värvingu ja põhjustas sagedast koelõikude 
lahtitulekut alusklaasilt. Ka kahe meetodi kombineerimine (PIER + 
HIER) ei andnud paremaid tulemusi. Võrdluskatsed näitasid selget anti-
geeni esile toomise protokollide adapteerimise vajadust liigeskõhrede 
biopsiate immunohistokeemilistel uuringutel. 
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2. CILP-2 ekspressiooni hindamine OA-patsientide põlveliigese kõhres 
näitas, et CILP-2 korreleerub positiivselt kõhrekahjustuse astmega, hin-
natuna OARSI histopatoloogiliste astmete ja skooride abil. 

Kuivõrd CILP-2 korreleerus positiivselt nii OARSI kõhrekahjustuse 
hindamissüsteemi astmete kui ka skooridega, siis võib CILP-2 pidada 
arvestatavaks OA-st põhjustatud liigeskõhre lagunemise markeriks. Seda 
kinnitavad ka tulemused, mis saadi patsientide jagamisel kõrgema ja 
madalama OARSI raskusastmetega gruppidesse (OARSI astmed vasta-
valt üle või alla 3), kus kõrgema raskusastmega gupis ilmnes CILP-2 olu-
liselt ulatuslikum värvumus. CILP-2 ekspressioonis tuli erinevus välja ka 
patsientide jagamisel sõltuvalt sellest kas domineeris sääreluu platoo 
mediaalse või lateraalse poole kahjustus. Positiivne korrelatsioon ilmnes 
CILP-2 värvumise ja liigeskõhre kahjustusastmete vahel domineerivalt 
mediaalse poole kahjustusega patsientidel. Sääreluu platoo mediaalse 
poole domineeriv kahjustus on pOA patsientide seas kõige sagedasemaks 
esinemisvormiks. 

 
3. C2C ekspressioon vastas OA raskusastmele, mida tõendavad C2C-ga 

värvunud kõhre osakaalu positiivsed korrelatsioonid nii kõhrekahjustuse 
astme kui ka põlveliigese kahjustuse üldise skoori vahel. Seega on C2C 
paljulubav biomarker OA-st põhjustatud liigeskõhre patoloogiliste 
muutuste jälgimiseks. 

Uuringus kasutati kommertsiaalselt mitte kättesaadavat C2C anti-
keha, mida seni on edukalt kasutatud sandwich-tüüpi ELISA testides (IB-
C2C-HUSA™, IBEX Pharmaceuticals). Tänu IBEX-i vastutulelikkusele 
õnnestus eksklusiivselt hangitud C2C antikehaga teostada immunohisto-
keemilised uuringud pOA liigeskõhredel, kus ilmnes positiivne korrelat-
sioon C2C värvingu ulatuse ning OARSI histopatoloogiliste astmete ja 
skooride vahel. Samuti leiti erinev C2C värvumus sääreluu platoo me-
diaalse ja lateraalse poole vahel – enam kahjustunud mediaalsel poolel 
oli C2C ekspressioon kõrgem. Seega võib C2C pidada heaks OA-ga 
seotud koekahjustuse markeriks ja käesolev töö annab lootust, et uriinis 
IB-C2C-HUSA™ abil määratud C2C tase võiks peegeldada koetasandil 
toimuvaid muutusi. 

 
4. DDR2 ekspressioonimuster liigeskõhredes oli sarnane CILP-2 omaga, 

mida tõendab DDR2 ja CILP-2 ekspressiooni vaheline positiivne korre-
latsioon. Erinevalt CILP-2-st näitas DDR2 ekspressioon aga vaid nõrka 
korrelatsioonitendentsi. Sellest võib järeldada, et CILP-2 on parem 
kõhrekahjustuse marker kui DDR2. 

DDR2 on juba tunnustatud OA markeriks, mistõttu sai võrdlevalt 
uuritud DDR2 ja CILP-2 ekspressiooni. Uuritud patsientidel näitas 
DDR2 ainult nõrka korrelatsioonitendentsi OARSI histopatoloogiliste 
raskusastmete ja skooridega. Kuigi DDR2 ekspressioon suurenes kõr-
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gema raskusastmega patsientide rühmas, siis see muutus ei olnud statisti-
liselt tõepärane. Erinevalt CILP-2 ei ilmnenud DDR2 värvumises vahet 
kui patsiendid jagati sääreluu platoo mediaalse või lateraalse poole 
kahjustusega rühmadeks. Samas DDR2 ja CILP-2 vahel ilmnenud posi-
tiivne korrelatsioon viitab mõlema OA marker sarnasele potentsiaalile. 
Seega antud uuringu valguses võib CILP-2 pidada DDR2-ga võrreldes 
paremaks OA markeriks. 

 
5. Liigeskõhre pindmise tsooni TEM-uuringutel täheldati tugevalt kahjus-

tatud kondrotsüüte, millel esinesid mitmed degeneratiivsete rakkude ja 
kondroptoosi tunnused. Need tunnused esinesid enim kõrgema OARSI 
astmega proovides. Lisaks täheldati peritsellulaarse maatriksi tavatut 
paigutust, ning kuna leiti, et CILP-2 immunohistokeemiline värvimine 
lokaliseerus peamiselt peritsellulaarses maatriksis, siis toetab see hüpo-
teesi peritsellulaarse maatriksi olulisusest OA korral. 

TEM uuringutel leiti pindmise kihi kondrotsüütides tugevaid muu-
tusi, organellid olid kas tugevalt redutseerunud või koldeliselt koon-
dunud, näiteks esines tugevalt liitunud tsütoskeleti filamentidega alasid. 
Tsütoskeleti muutused võivad viia ka rakukuju muutusele, mis võib 
põhjendada miks enamik pindmise kihi käävjaid rakke olid omandanud 
ovaalse või ümara kuju. Paljudel rakkudel oli kõhrerakkude apoptoosi 
ehk kondroptoosi tunnuseid, näiteks suured alad laienenud endoplasma-
võrgustiku tsisternidega, rakutuumad ebaühtlaselt kondenseerunud 
kromatiiniga ja vesikulaarset lagumaterjali sisaldavad rakulakuunid. Ise-
loomulik leid oli kondrotsüüte vahetult ümbritseva maatriksi (peritsel-
lulaarse maatriksi) kohatine laienemine või ebakorrapärane ümber-
ehitumine. Kuivõrd CILP-2 immunohistokeemilistel uuringutel ilmnes 
tugev peritsellulaarne värvumumine, siis need leiud toetavad hüpoteesi 
peritsellulaarse maatriksi olulisust OA korral. 
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