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Abstract
Osteoarthritis is a degenerative joint disease of the articular cartilage characterized by the
loss of cartilage, limited range of motion, joint pain and tenderness, and limited physical
movements. An imbalance between regenerative and degenerative factors results in increased
loss of cartilage leading to osteoarthritis. Osteoarthritis is not only a disease of cartilage but
involves whole joint including tendon, ligament, meniscus, muscle, and synovial membrane. The
weakness of the quadriceps muscles and inflammation of the articular structures of the joint
enhance the progression of cartilage degeneration and loss. Weakness of the muscles may be due
to vitamin D deficiency, which in turn is associated with chronic inflammation and an increased
prevalence and incidence of osteoarthritis. The initial damage caused by mechanical or shear
stress, trauma or injury, or an improper gait results in the secretion of damage associated
molecular patterns (DAMPs) including high mobility group box-1 (HMGB-1), receptor for
advanced glycation end products (RAGE), and alarmins (S100A8 and S100A9). Aging can also
result in physiological accumulation of advanced glycation end products (AGEs). These DAMPs
instigate a cascade of inflammatory responses and increase the secretion of pro-inflammatory
cytokines including IL-1β, IL-6, and TNF-α, and anti-inflammatory cytokines IL-10 and IL-37.
Increased secretion of these pro-inflammatory cytokines results in the recruitment of
inflammatory cells such as monocytes and macrophages. The activation of various inflammatory
and pro-damage mediators including triggering receptor expressed on myeloid cells (TREMs),
toll like receptors (TLRs), cytoplasmic kinases, transcriptional factors, and matrix
metalloproteinases (MMPs). The role of these pro-inflammatory cytokines and inflammatory and
pro-damage mediators in the pathogenesis of rheumatoid arthritis, synovitis, and osteoarthritis
has been well described. The role of newly discovered cytokines of IL-1 family, IL-33 and ILIII

37, in the pathogenesis of rheumatoid arthritis and synovitis has been reported in the literature.
However, their role in relation to osteoarthritis is yet to be established. Increased secretion of
DAMPs is associated with an increased production of pro-inflammatory cytokine IL-33, whereas
increase in inflammation results in the secretion of anti-inflammatory cytokine IL-37 as a
compensatory mechanism. Since vitamin D deficiency is associated with chronic inflammation
and osteoarthritis, and vitamin D regulates the secretion of IL-33 and IL-37; one may speculate
that vitamin D could also play a crucial role in the pathogenesis of osteoarthritis and may affect
IL-33 and IL-37 effects on mediators of inflammation within the joint. IL-33, IL-37, and vitamin
D play a crucial role in macrophage differentiation and polarization, the main effectors of
chronic inflammation within the joint. Taken together, it is logical to infer that IL-33, IL-37, and
vitamin D interactions may have an immunomodulatory effect on the expression levels and
action

of

various

pro-inflammatory

and

pro-damage

mediators.

However,

the

immunomodulatory role of IL-33, IL-37, and vitamin D in OA has not been reported in the
literature. In this study, for the first time, the interactive and counteractive role of IL-33, IL-37,
and vitamin D on TREM-1, TREM-2, TLR-2, TLR-4, NF-κB, RAGE, HMGB-1, MMP-2,
MMP-9, and macrophage polarization has been elucidated using normal and osteoarthritic
human chondrocytes and the expression levels of these have been analyzed in osteoarthritic
human knee and hip cartilage, and vitamin D deficient, vitamin D sufficient, and vitamin D
supplemented hyperlipidemic microswine.
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1. Introduction
Osteoarthritis (OA) is a degenerative joint disease of the articular cartilage characterized
by a limited range of motion, joint pain, tenderness, stiffness, crepitus, effusion, and
inflammation without systemic effects [1]. OA is a significant cause of joint pain and disability
[2]. Along with movement restriction, OA is associated with a large societal and economic
burden on top of significant physical and psychological sequelae. The degree of burden OA
imparts on patients and its subsequent sequelae depends on the severity of the disease [3]. In
addition to cartilage degeneration, OA is associated with subarticular bone thickening,
osteophyte formation, ligamentous laxity, weakening of periarticular muscles and synovitis [3].
This suggests that OA is not only a disease of the cartilage but also involves other joint
structures, and weakening of the whole joint contributes to OA [4]. The most commonly affected
joints include the knee and hip [5]. Among the knee, hip and hand joints, the knee joint is the
most commonly affected joint followed by hip and hand OA. Age, biomechanics, trauma,
inflammation, and obesity are major risk factors for the development of OA [6]. The risk factors
can be divided into two levels; the first being the person-level risk factors including age, sex,
obesity, genetics, race/ethnicity and diet and the second being the joint-level risk factors
including injury, malalignment and abnormal loading of the joints [3, 7-8].
The imbalance between degradative and repair processes results in the degradation and
loss of cartilage, joint space narrowing, and subchondral bone thickening. The progression of
osteoarthritis depends on the increased mechanical load and inflammation affecting the entire
joint structure leading to

cartilage destruction [4]. The interaction of these risk factors is

complex and provides a challenge to the managing physician. Further, the factors responsible for
the initial insult to the articular cartilage are yet to be defined, and the downstream signaling
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responsible for the progression and development of OA is still unclear. Various studies suggest
the role of pro-inflammatory cytokines, damage associated molecular patterns (DAMPs), and
pathogen associated molecular patterns (PAMPs) in the pathogenesis of OA, and studies have
also documented the effect of inhibiting these factors and the role of anti-cytokine therapy,
however, no potential treatment have been available until recently [9-25]. In next few chapters,
the inflammatory aspect of the OA, role of inflammation and the role of newer cytokines IL-33
and IL-37 in the pathogenesis of OA will be discussed. Additionally, the therapeutic potential of
targeting DAMPs and IL-33/ST2 receptor blocking in attenuating the inflammation and
immunomodulatory role of vitamin D, IL-33, and IL-37 will be discussed.
1.1 Pathophysiology of osteoarthritis
Understanding how degradation occurs in the joint is paramount to understanding how
the disease progresses, and how to best proceed with the treatment. Studies have demonstrated
the increased presence of DAMPs in joints affected by OA and their probable role in the
pathogenesis of the disease [6, 14, 26-28]. However, other factors such as obesity and increased
mechanical loads have also been associated with the pathogenesis of OA [29]. Accumulation of
advanced glycation end-products (AGEs) and mediators of inflammation with aging and obesity
leads to accumulation of DAMPs including high mobility group box (HMGB)-1, receptor for
advanced glycation end products (RAGE), and the alarmins S100A8 and S100A9. This leads to
increased

inflammation

and

cartilage

degeneration

resulting

in

osteoarthritis.

The

pathophysiology of OA seems to be multifactorial; inflammation and a vicious cycle of these
factors act synergistically during the cartilage loss leading to the development of OA. In next few
chapters, the pathophysiology of OA will be discussed in detail (Figure 1.1).
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Figure 1.1: Pathophysiology of osteoarthritis. Osteoarthritis is a multifactorial degenerative
joint disease. The risk factors including aging, obesity, vitamin D (VD) deficiency, infectious
etiology, and damage associated molecular patterns (DAMPs) secreted as a result of trauma
increase inflammation within the joint and mediate the cartilage degeneration. Further, joint
overuse, joint trauma, or joint corrective surgical intervention leads to joint destruction and joint
remodeling which will enhance cartilage destruction. The weakness of the quadriceps muscle
results in the loss of joint function and cartilage destruction.
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1.2 Defining OA
OA can be defined pathologically, radiographically or clinically. Clinical diagnosis
invariably requires the presence of symptoms including joint pain, tenderness, and movement
restriction. The American College of Rheumatology (ACR) criteria for the hip, knee, and hand is
the well-recognized criteria for the diagnosis of OA. Radiographic changes might be absent in
individuals with early painful OA and patients with severe radiographic changes may be entirely
asymptomatic [3]. However, the radiographic definition is often used as the standard for defining
the presence and severity of OA due to the ease of standardization and acquisition. The
commonly used Kellgren and Lawrence (KL) grading system for hand and hip OA are shown in
Tables 1.1, 1.2, and 1.3. The reliability was comparable between KL ≥ grade 2 and MJS ≤ 2.5
mm, while was lower for Croft ≥ grade 3 for the hip joint OA [30]. In the case of the knee joint,
KL system can be used only for tibiofemoral OA [31-32]. The current preliminary magnetic
resonance imaging (MRI) definition of OA includes cartilage lesions, osteophytes, bone marrow
lesions (BMLs), synovitis and effusion [33].
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Table 1.1: The Kellgren and Lawrence grading system
Grade

Severity

0

No OA

1

Doubtful

Description

Possible narrowing of joint space medially and possible osteophytes
around the femoral head; or osteophytes alone

2

Mild

Definite narrowing of joint space inferiorly, definite osteophytes,
and slight sclerosis

3

Moderate

Marked narrowing of joint space, definite osteophytes, some
sclerosis and cyst formation, and deformity of the femoral head and
acetabulum

4

Severe

Gross loss of joint space with sclerosis and cysts, marked deformity
of femoral head and acetabulum and large osteophytes

Hips classified as grade 2 or more were defined as having osteoarthritis.
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Table 1.2: Croft’s modification of the Kellgren and Lawrence grading system (‘‘Croft
grade’’)
Grade Description
0

No change

1

Definite osteophytes only

2

JSN only (defined as an MJS of 2.5 mm)

3

Presence of two of the following: JSN, osteophytosis, subchondral sclerosis (of >5 mm),
cyst formation

4

Presence of three of the following: JSN, osteophytosis, subchondral sclerosis (of >5
mm), cyst formation

5

Same as grade 4, but with deformity of the femoral head or total hip replacement due to
OA (verified by record view)

JSN, joint space narrowing; MJS, minimal joint space; OA, osteoarthritis

Table 1.3: Croft’s measurement of the minimal joint space (lateral, superior, axial, medial)
Grade

Description

0

MJS >2.5 mm

1

MJS >1.5 mm and <2.5 mm

2

MJS <1.5 mm

Minimal joint space (MJS) is the shortest distance on the radiograph between the femoral head
margin and the acetabular edge.
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1.3 Risk factors of OA
Aging, female sex, race, ethnicity, obesity, metabolic diseases, smoking, osteoporosis,
sarcopenia, local mechanical risks such as trauma and overuse, knee injury, repetitive use of
joints, bone density, muscle weakness, and joint laxity are the major risk factors for OA [3, 7].
Genetic, congenital and developmental conditions (i.e., congenital subluxation, Legg-CalvéPerthes disease, and slipped capital femoral epiphysis), and diet (vitamin C and vitamin D
deficiency) are other risk factors for incidence and progression of OA [7]. The, pathophysiology
of OA involves cellular, biochemical and mechanical factors and the complex interplay between
mechanical, cellular, and biochemical factors leads to a common end-stage pathology termed as
OA. The different set of risk factors act together to potentiate each other synergistically and
mediate the development of OA [30] (Table 1.4).
Table 1.4: Risk factors of osteoarthritis
Personal-level risk factors
Age

The strongest predictors of OA [34], decreased capacity for joint tissues to adapt to
biomechanical insults, biological changes including cellular senescence, reduced
capacity to adjust to biomechanical challenges due to age-related sarcopenia and
increased bone turnover

Gender

Females have higher prevalence of OA compared to male and are more likely to
suffer more severe radiographic knee OA after menopause [35], differences in bone
strength, alignment, ligament laxity, reduced volume of knee cartilage, pregnancy
and neuromuscular strength may also cause higher prevalence in female population
[8]
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Genetics

Genetic factors accounts for at least 60% of hip and hand OA and up to 40% of
knee OA [36], role of vitamin D receptors, insulin-like growth factor 1 , type II
collagen and growth differentiation factor 5 (GDF5) [34, 37-38] and involvement of
chromosome 2q, chromosome 11q, chromosome 7q22 [39-41] suggests role of
genetics in OA.

Obesity

One of the most important risk factors for OA, every 5-unit increase in body mass
index (BMI) is associated with 35% increased risk of knee OA and has more
association in women compared to men [34, 42-44] and weight reduction by 5 kg
provides a decreased risk for the development of knee OA by 50% [45-46].
Increased association of BMI with OA is higher for knee joint than hip joint [34,
47].

Diet

Increased reactive oxygen species and low intake of vitamin C [48], low plasma
vitamin D [4] and phylloquinone [49] has been associated with OA.

Joint-level risk factors
Occupation

Repetitive joint use, more squatting or kneeling has twice the risk of knee OA

and physical

[50], prolonged standing and lifting increases risk of hip OA [51], and

activity

increased manual dexterity increases hand OA [52].

Post-traumatic

Increased anterior cruciate ligament rupture [53-55] and direct cartilage

knee injuries

damage [56] increases risk of OA

Treatment of

Treatment of the post-traumatic knee injuries (ACL rupture) decreases the risk

post-traumatic

of OA [8, 57-58]

knee injuries
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Local

Decreased collagen II, loss of proteoglycans, and increased secretion of

pathologic

proteinases,

changes

aggrecanase increases risk of OA [8, 59-60]

Muscle

Muscle weakness increases risk of OA [4, 31] while every 5-kg increase in

strength

extensor strength is associated with 20% and 29% reduction in the odds of

inflammatory

cytokines,

matrix

metalloproteinases

and

developing radiographic knee OA and symptomatic knee OA [61].
Alignment

Malalignment of the joint increases the destructive force in the joint and
preponderance for OA. The odds ratio of developing radiographic knee OA in
individuals with varus and valgus knee alignments is 2.06 and 1.54 [8, 62]

1.4 Epidemiology of osteoarthritis
Osteoarthritis is the most common form of arthritis and affects approximately 15% of the
total population [63]. OA is a leading cause of lower extremity disability due to its predilection
for lower extremity joints such as the knee and hip amongst elderly population. The estimated
risk of OA is about 40% in men and 47% in women. This risk increases with age and is still
higher in individuals classified as obese [8]. Increasing obesity and an aging population are the
most common cause of the rising incidence of OA. Symptomatic knee OA occurs in about 10%
of men and 13% of women aged 60 years or older [7]. Currently, OA is one of the most
commonly diagnosed diseases and its prevalence is projected to double by the year 2020, largely
due to an aging population and increasing incidence of obesity [8]. The prevalence of OA varies
according to the definition of OA, the specific joint(s) under study, and the characteristics of the
study population.
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The prevalence of radiographic hand and knee OA was found to be 6.8% [64] and 19%
[65]; the prevalence of both hip and knee OA was 28% in African–American and Caucasian men
and women in the Johnston County Osteoarthritis Project. The differences in the prevalence may
be due to genetic, anatomic or occupational factors [66]. The prevalence of symptomatic hand
OA was 26% and 13% and knee OA was 7% in women and men as reported by Framingham
study [64]. Further, the prevalence rates of 17% for symptomatic knee OA [66-67] and 10% for
symptomatic hip OA [66] were reported by The Johnston County cohort. In the United States,
the prevalence of symptomatic OA is about 10% in men and 13% in women, aged 60 years or
older [7].
1.5 Inflammation and osteoarthritis
Osteoarthritis (OA), a major cause of chronic pain and disability, has been classified as a
wear and tear disease and as a non-inflammatory form of arthritis [4, 68-69]. OA, a “wear and
tear” disease leading to the loss of cartilage, has been considered as the sole consequence of the
multiple processes causing increased pressure on the joint either due to overload on weightbearing joints or anatomical joint incongruency. Additionally, the fragility of cartilage matrix
due to genetic alterations of matrix components leads to cartilage loss and OA. This paradigm of
OA was based on the observation that chondrocytes have very low metabolic activity with no
ability to repair the cartilage and the non-vascularized and non-innervated nature of articular
cartilage adds to the inability to repair the damage. However, with the current studies, it has been
indicated that OA is not only a wear and tear disease of the articular cartilage but a disease of the
whole joint and changes in the biochemical environment and the architecture of other joint
structures can aid in the progression of OA [11, 25, 70-72]. This hypothesis was supported by the
10

association between OA and the involvement of various soluble mediators such as cytokines or
prostaglandins, matrix metalloproteinases (MMPs), and surface receptors. Involvement of these
mediators of inflammation and dampening the inflammation and cartilage loss with antiinflammatory agent vitamin D suggests the role of inflammation in the pathogenesis of OA [4,
11]. Further, recent experimental data also suggest the substantial role of macrophages, synovitis,
and subchondral bone as a source of inflammatory mediators and mediating the inflammation
and damage to the deeper layers of cartilage resulting in OA [11, 25, 70-72]. Further, the role of
inflammation in the pathogenesis of OA [4, 68-69, 73] and evidence on the role of ongoing
immune processes within the joint and synovium mediating the OA makes the dichotomy
between inflammatory and degenerative arthritis less clear [73]. Furthermore, the radiographic
evidence (e.g., arthroscopy, magnetic resonance imaging (MRI) or ultrasonography) of synovitis
and progression of the disease, and high C-reactive protein levels in association with pain
support the role of inflammation in the pathogenesis of OA [74-77].
1.5.1 Aging, obesity, and inflammation
As stated earlier, OA is not a single disease but a final outcome of various predisposing
factors including age, joint trauma, obesity, chronic inflammation and altered biochemical and
mechanical processes. These factors collectively contribute to the joint damage progressing to
joint failure and OA [78]. Chondrosenescence and inflammation-associated with aging (also
referred to as inflammaging) contribute to cartilage damage and OA [79] (Figures 1.2 and 1.3).
Aging is associated with the physiological accumulation of advanced glycation end-products
(AGEs) which may mediate the inflammation in joint in association with receptor for advanced
glycation end-products (RAGE) [19, 80] (Figure 1.2). Obesity is a major risk factor for OA.
Obesity is a chronic inflammatory disease and is associated with secretion of adipokines,
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associated with increased inflammation. Further, the documented role of adipokines in cartilage
degeneration suggests that local, as well as systemic inflammation due to obesity may play a role
in the pathogenesis of OA [4, 29] (Figure 1.3). Along with inflammation, obesity also increases
mechanical stress on the joint. Obesity has been associated with increased mechanical loading on
the joint, as well as altering one’s gait. Like the knee joint, the hip is more likely to be affected
by OA in obese patients, but the relationship between obesity and OA is not as strong in the hip
as it is in the knee [81-82] (Figure 1.3). The knee and hip joints are the most common joints
involved in OA and since, the knee joint experiences more mechanical stress and inflammation
than the hip joint, this could contribute to the increased incidence of osteoarthritis in the knee
than hip joint [2, 5-6]. Further, obesity is also associated with the fatty infiltration in muscle,
tendon, and ligament of the joint leading to the weakness of these structures. This leads to
decreased weight bearing capacity and increased stress on the joint resulting in increased
inflammation and progression of cartilage damage leading to the development of OA [4].
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Figure 1.2: Pathogenesis of aging mediated cartilage loss. Aging associated with progressive
decline in physiological functions increases the oxidative stress by cumulative damage to
mitochondria and mitochondrial DNA resulting in an imbalance of anabolic and catabolic
processes with a predominance of catabolic processes. This results in increased secretion of proinflammatory cytokines and inflammation mediating the cartilage loss and OA. Aging related
DNA damage and decreased telomerase activity result in chondrosenescence and cartilage loss.
EGF- epidermal growth factor; IGFBP1- Insulin-like growth factor-binding protein 1; ILinterleukin; MMPs-matrix metalloproteinases; ROS- reactive oxygen species; TNFα-tumor
necrosis factor-alpha
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Figure 1.3: Aging and obesity mediated chondrosenescence and cartilage loss. Aging
associated increased cellular damage, apoptosis, necrosis, telomerase shortening, and
mitochondrial dysfunction; accumulation of advanced glycation end products (AGEs), increased
pro-inflammatory cytokines and activated matrix metalloproteinases (MMPs) lead to replicative
senescence. Obesity increases joint stress, instability, overuse leading to joint trauma. This leads
to stress-induced senescence and cartilage loss. Obesity also increases inflammation, proinflammatory cytokines, adipokines, and reactive oxygen species mediating the stress-induced
chondrosenescence leading to cartilage degeneration and OA. AGEs-advanced glycation endproducts; MMPs- matrix metalloproteinases; ROS-reactive oxygen species
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1.5.2 Synovitis and OA
Osteoarthritis, once considered a disease of the cartilage, has been suggested a disease of
the whole joint including cartilage, menisci, ligaments, tendon, synovium, and muscles by recent
studies [4, 69]. Inflammation of the synovial membrane termed as synovitis plays a significant
role in primary OA in a significant proportion of the population suffering from OA [73]. The role
of synovitis in OA has been discussed in various studies. The signs and symptoms of OA are
mainly due to varying degrees of synovitis and joint effusion [83]. Synovitis and low-grade
innate articular inflammation mediate OA progression [71, 83]. Further, findings of the presence
of synovitis from early (pre-radiographic) to late stage (symptomatic) of cartilage loss in a serial
arthroscopy study performed on knees suggests a clear association between inflammation and
cartilage loss [75]. This association was further supported by various studies with similar
findings radiographically, using magnetic resonance imaging [74, 84-86]. Further, the presence
of proteins in OA synovial fluid including plasma proteins, serine protease inhibitors, proteins
indicative of cartilage turnover, and proteins involved in inflammation and immunity indicate the
role of inflammation in OA (Figure 1.4). The presence of significantly higher levels of
inflammatory cytokines in OA synovial fluid compared to normal serum and their macrophage
production mediated by Gc-globulin, α1-microglobulin, and α2-macroglobulin through TLR4
signaling implicate the role of inflammation in OA [87] (Figure 1.4).
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Figure 1.4: Role of synovitis in osteoarthritis. Increased macrophage infiltration in synovitis
results in increased pro-inflammatory cytokines including IL-33, activation of pro-MMPs to
MMPs leads to inflammation and cartilage loss. Activation of MMPs results in an extracellular
matrix (ECM) and collagen loss leading to the increased inflammation and matrix loss-the
support for chondrocytes. Increased plasma proteins, serine protease inhibitors, proteins
indicative of cartilage turnover, and proteins involved in inflammation and immunity increases
inflammation leading to cartilage loss and osteoarthritis. ECM- extracellular matrix; ILinterleukin; MMPs-matrix metalloproteinases
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1.5.3 Macrophage, inflammation and OA
The presence of macrophages (CD14+ cells) in degenerating cartilage and synovium in
hyperlipidemic microswine has been previously reported [4]. Additionally, the presence of
macrophages and their role in inducing inflammation in synovitis has also been reported [12, 73,
88]. Macrophage infiltration in the joint is associated with increased secretion of proinflammatory cytokines and growth factors, activation of the complement system, and
neovascularization leading to increased inflammation, joint trauma and cartilage loss (Figure
1.5). The decreased intact aggrecan and a reduction of chondrocyte aggrecan and collagen II
gene expression with the increased active forms of MMP-1, MMP-3 and MMP-9 accompanied
by induction of gene expression of MMP-1, membrane type 1 MMP (MT1-MMP/MMP13) and
tissue inhibitor of metalloproteinase 2 (TIMP-2) in the coculture of chondrocytes with
monocytes/macrophage suggest the paracrine effect of macrophage in the MMPs mediated
cartilage damage [17, 89]. Although cartilage is an avascular tissue, the presence of macrophage
or CD14+ cells in the cartilage indicates the migration of these cells from synovium which
shows differential binding/ expression of various chemokines and their receptors (CCL2, CCL3,
CCL5, CXCR1, CXCR2, and CXCL8) specific to macrophage and neutrophils [90]. Further, the
role of soluble macrophage biomarkers as an indicator of inflammatory phenotypes in knee OA
has been established. Further, the detection of activated macrophages, mediating structural
progression (CD163 and CD14) and pain (CD14) in OA knees, by a new noninvasive molecular
imaging technology is suggestive of macrophage involvement in human OA [91-92].
CD14 (cluster of differentiation 14) is expressed mainly on macrophages. CD14 is also
expressed in neutrophils, dendritic cells, and enterocytes. The sCD14 is secreted by the liver and
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monocytes and confers LPS responsiveness to the cells not expressing CD14 in low
concentrations [93]. CD14 is a human gene, and the protein encoded by this gene is a component
of the innate immune system. The two forms of CD14 are mCD14 (anchored to the membrane
by a glycosylphosphatidylinositol tail) and sCD14 (soluble form due to shedding of mCD14 or
directly secreted from intracellular vesicles) [94]. CD14 is a multifunctional adaptor protein and
a coreceptor with several toll-like receptors (TLRs), including cell surface TLR-2 and TLR-4 and
intracellular TLR-3, TLR-7, and TLR-9. It can also work as a transporter for ligands and as a
signal amplifier by moving certain TLRs (TLR-2 and TLR-4) into kinase-rich environments of
lipid raft microdomains which results in their association with Src family kinases and certain G
proteins [95]. The shedding of CD14 is associated with monocyte/macrophage lineage cell
activation. The elevated serum sCD14 acts as an acute-phase reactant and a serum biomarker of
monocyte activation and inflammation in various diseases including rheumatoid arthritis (RA),
reactive arthritis, Kawasaki disease, and pneumonia [95].
Elevated synovial fluid sCD14 in OA and modulation of inflammation by activating
TLRs suggests the role of CD14+ cells in OA [96]. However, increased sCD14 can also reduce
inflammation. Further, increased levels of the biomarker of innate inflammation sCD14 in
synovial fluid of the patients undergoing arthroscopic knee meniscectomy for the treatment of
meniscal tears indicate the role of inflammation in joint pathology [96]. CD14 supports host
defense via recognition and responses to PAMPs and also modulate multiple forms of tissue
injury and repair in response to endogenous DAMPs. The association of CD14, TLRs, PAMPs,
and DAMPs including RAGE, HMGB-1, S100A8 and S100A9 with stimulation of synovial cell
proliferation, deleterious chondrocyte differentiation, and procatabolic responses suggested by
various studies indicates the potential of DAMPs in association with CD14 to worsen OA [27,
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95-99]. Therefore, studies have suggested TLRs (TLR-1, -2, -3, -4, -5, -6, -7, -8, -9) and DAMPs
as the potential targets to treat inflammatory arthritis including RA, OA, and gout [6, 10-11, 69,
100].

Figure 1.5: Role of macrophages in the pathogenesis of cartilage loss. Macrophage
infiltration in the joint is associated with increased secretion of pro-inflammatory cytokines
leading to increased inflammation; increased growth factors will augment osteophyte formation;
activation of complement system will enhance the innate immune response leading to increased
prostaglandins and leukotrienes, and neovascularization collectively increasing the pain,
inflammation, and cartilage damage resulting in progression of cartilage loss and OA. ILinterleukins; TGFβ- transforming growth factor-beta
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1.5.4 Innate Immunity: Trigger of inflammation in OA
The innate immune system (non-specific immune system) consisting of various cells and
mechanisms defend the host from infection in a non-specific manner. Binding of pathogenassociated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) on
pattern-recognition receptors (PRRs) triggers the innate immune responses [101-102]. The
membrane-associated PRRs includes TLRs- the basic signaling receptors of the innate immune
system; cytoplasmic PRRs consisting of nucleotide-binding oligomerization domains [NODs],
NALPs, RNA helicases; and secreted PRRs including complement receptors and collectins.
PAMPs are recognized by TLRs which are increased in OA [103]. Further, the presence of TLR2 and TLR-4 ligands such as low molecular-weight hyaluronic acid, fibronectin, tenascin-C and
alarmins (S100 proteins, HMGB-1) in OA synovial fluid and cartilage and their role in cartilage
damage have also been reported [6, 10-11, 18, 87, 97, 104] (Figure 1.6). Further, the production
of inflammatory cytokines via TLR-4 through OA synovial protein induced macrophage
suggests the role of macrophage and inflammation [96]. Interestingly, these events have been
documented in early disease and hence innate immune response of the body may be the driving
force behind the pathogenesis of OA. Similarly, the association of interleukin-15, MMP-1, CD68
positive cells, proteins involved in innate immunity [105], abnormally high complements [99],
calcium pyrophosphate dihydrate and basic calcium phosphate crystals [106-107], and
inflammasome indicate the involvement of innate immunity in arthritis and OA pathogenesis [6,
10-11, 108-110] (Figure 1.6).
Further, locally produced inflammatory mediators also contribute to the cartilage damage,
and increased levels of these mediators have been reported in OA [9-11, 87, 111-112]. Along
with the increased load leading to increased stress in obesity, the systemic inflammation,
20

adipokines, resistins, and visfatins in obesity also affect the joint and induce cartilage damage.
This suggests that obesity itself may be the initiating factor for OA [6, 10-11, 113-117].
Similarly, the accumulation of advanced glycated end products (AGEs), and induction of several
inflammatory mediators by senescence-associated secretory phenotype and their association with
aging chondrocytes indicate the role of aging in the pathogenesis of OA [6, 10-11, 118-121].
Furthermore, the role of inflammatory mediators such as cytokines (e.g., IL-1β, IL-6, TNF-α, IL17, IL-18 etc.), surface receptors (e.g., TLRs, HMGB-1, RAGE, alarmins, etc.), matrix
metalloproteinases (MMP-2 and MMP -9), and downstream signaling molecules (e.g., NF-κB,
MAPK pathways, myeloid differentiation primary response 88 (MyD88), MyD88- adapter-like
(Mal), TIR-domain-containing adapter-inducing interferon-β (TRIF) and TRIF-related adaptor
molecule (TRAM), IKK, IKB, ERK, PI3K, JAK/STAT, and PPARγ) suggest the role of
inflammation in inflammatory arthritis including OA and RA [68, 73, 122-123].
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Figure 1.6: Innate immune response and cartilage damage. The release of DAMPs due to
joint trauma and cartilage damage initiates a series of innate immune responses leading to
activation of pattern recognition patterns (toll-like receptor), increased secretion of proinflammatory

cytokines,

and

inflammation.

metalloproteinases (MMPs) and cartilage loss.
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1.5.5 DAMPs, PAMPs and OA
Age and obesity are the major risk factors for OA. Accumulation of advanced glycation
end products (AGEs) with aging and release of damage-associated molecular patterns (DAMPs),
including high mobility group box-1 (HMGB-1), receptor for advanced glycation end products
(RAGE) and alarmins (S100A8 and S100A9) in response to chondrocyte and cartilage damage
due to increased mechanical load and shearing stress may facilitate the cartilage degradation and
inflammation in the joint [6, 19, 80]. The overexpression of DAMPs in the joints has been linked
to the pathogenesis of OA [6]. DAMPs can originate from the extracellular matrix, intracellular
alarmins, plasma proteins, and crystal deposits. DAMPs released due to the mechanical stress of
obesity may facilitate and potentiate the progression of OA [6]. The damage to chondrocytes
within the cartilage allows the release of DAMP) such as HMGB-), advanced glycation end
products (AGEs), and alarmins (S100A8, and S100A9). Increased DAMPs interact with pattern
recognition receptors (PRRs) to initiate inflammation [6] (Figure 1.7).
DAMPs also interact with TLRs to initiate inflammation by increasing the secretion of
pro-inflammatory cytokines, and the overexpression of DAMPs in the joints has been linked to
the pathogenesis of OA [6]. Since the extracellular presence of HMGB-1 is known to trigger an
inflammatory response, the molecule is thought to be a significant contributor to the
pathogenesis of chronic inflammatory diseases like OA [26]. Significantly increased numbers of
HMGB-1 positive cells were found to be present with higher grades of OA in knee cartilage,
relative to the cartilage of normal joints, and in grade 1 OA joints. HMGB-1 also mediates
inflammation through its ligand RAGE. An increase in RAGE was noted in OA and its ability to
stimulate NF-κB and MAPK pathways leading to MMP-13 stimulation suggest that RAGE and
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its ligand play a direct role in the degradation of the joint [124]. Advanced glycated end-products
(AGEs), a ligand for RAGE, are formed by glycation of proteins with sugars and their
accumulation is related to protein turnover. The long life of collagen contributes to an increase in
AGEs, especially in cartilage, and may explain an age related predisposition to OA [14].
Increasing AGE would increase signaling cascades initiated by RAGE and lead to the production
of MMPs and other pro-inflammatory cytokines, possibly contributing to OA (Figure 1.7).
S100A8 and S100A9 have been found in granulocytes, monocytes, and macrophages, and
an increased expression of these proteins was found in the patients with inflammatory arthritis
[28]. Chondrocytes have also been shown to express the S100A8 and S100A9 alarmins
following stimulation via IL-1 and their increase is believed to play a role in cartilage
degradation [28]. Extracellular S100A8 has been shown to stimulate the expression of various
MMPs and is thought to be a major mediator of cartilage degradation [125]. Therefore, the
current evidence suggests that extracellular alarmins released by chondrocytes contribute to
cartilage degradation and advancement of OA. However, their role in the onset and progression
of OA remain unknown [28] (Figure 1.7).
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Figure 1.7: Damage associated molecular patterns; pathogen associated molecular
patterns, and osteoarthritis. The initial cartilage damage due to joint overuse, mechanical
trauma, accumulation of advanced glycation end products (AGEs), and chronic inflammation
will result in a vicious cycle of increased release of damage associated molecular patterns
(DAMPs) including high mobility group box-1 (HMGB-1), advanced glycation end-products
and alarmins (S100A8 and S100A9). This leads to downstream signaling through toll-like
receptors (TLRs) and receptor for advanced glycation end-products (RAGE). Downstream
signaling through cytoplasmic protein kinases will lead to activation of nuclear factor-kappa beta
(NF-kB) resulting in increased secretion of pro-inflammatory cytokines and inflammation and
cartilage damage.
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1.5.6 Cytokines and OA
Osteoarthritis is associated with cartilage destruction, subchondral bone remodeling and
inflammation of the synovial membrane. However, the etiology and pathogenesis underlying OA
are poorly understood. Among the mediators of cartilage damage, secreted inflammatory
molecules, such as pro-inflammatory cytokines, are critical mediators involved in cartilage
damage. These cytokines are involved in the disrupted processes implicated in OA
pathophysiology. The role of pro-inflammatory cytokines including interleukin (IL)-1β, IL-6, IL8, IL-15, IL-17, IL-18, IL-21 and tumor necrosis factor-α (TNFα) in cartilage degeneration and
the efficacy of blocking these pro-inflammatory cytokines in the treatment of OA have been
documented in the literature [21, 25]. Further, the role of anti-inflammatory cytokines in context
to OA has also been discussed [126]. Studies have shown the higher expression of inflammatory
cytokines including interleukin-1β (IL-1β), tumor necrosis factor α (TNFα), IL-6, IL-8, and IL17 in cartilage and synovium suggesting a role of these cytokines in OA [6, 10-11, 71, 83, 100].
Since, increased levels of TNFα induced MMP9 is associated with the recruitment of
macrophages in injured nerves, increased expression of TNFα in chondrocytes also may mediate
macrophages recruitment leading to increased inflammation. However, this relationship has not
been established and need research [127] (Figure 1.8).
The presence of significantly higher levels of inflammatory cytokines (e.g. IL-1β, IL-6,
IL-8, IL-9, IL-15, and TNF-α), chemokines (e.g. IP-10/CXCL10, MCP-1, MIG, and MIP-1α),
growth factors (e.g. VEGF and SCGF-β), and sCD14 in OA sera and OA synovial fluid
associates inflammation with OA [6, 69, 87]. The role of toll-like receptors (TLR-2, -4, -3, -7,
and -9), prostaglandins (PGE2), leukotrienes (LTB4, LTC4), adipokines (leptin), intracellular
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alarmins (S100A8 and S100A9), and DAMPs (HMGB-1) in OA has been discussed which
suggest the role of inflammation in OA [6, 69]. Further, the interaction between DAMPs and
TLRs initiates inflammation and increased secretion of pro-inflammatory cytokines including
tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, IL-33 [6, 128]. The role of proinflammatory (IL-6, IL-8, and TNF-𝛼) and anti-inflammatory (IL-10) cytokines in pathogenesis
and symptoms of OA, and the role of these cytokines and cytokine profile as the biomarker of
the OA in relation to pain and pain intensity, functional capacity, and pressure pain thresholds
(PPT) has been studied [21, 25, 126, 129-130]. However, the usefulness of these cytokines as a
marker of disease activity is limited because of the need to monitor a wide range of ligands and
their inhibitors simultaneously [131].
Imamura et al. [129] reported higher serum levels of IL-6 and IL-10 in knee OA in
association with pain and functionality of the joint. The association of high systemic and local
inflammation and the role of TNF-α in RA and OA have been linked to the incident and
progressive increase in OA. Further, suppression of secondary OA of hands in RA with TNF-α
inhibitors independent of a decrease in inflammation suggests its pathogenic and therapeutic role
in OA [21]. Further, therapeutic role of TNFα inhibitors IL-1Ra, IL-6 and JAK kinase Inhibitors,
anti-IL23 and IL-12 and anti-IL-17 in inflammatory arthritis including RA, psoriatic arthritis,
and ankylosing spondylitis have also been discussed [132]. TNF-α and IL-1β are the most
common studied cytokines and inhibition of these cytokines has been tried in various research
studies; however, the results were non-satisfactory or equivocal. The most promising proposed
approach for targeting the cytokines in OA may be IL-1Ra gene transfer [13].
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Figure 1.8: Role of pro-inflammatory cytokines in the pathogenesis of osteoarthritis. Proinflammatory cytokines IL-1β and TNF-α secreted as a result of macrophage infiltration will
activate cytoplasmic protein kinases including MAPK, JNK, ERK, and p38 leading to increased
secretion

of

pro-inflammatory

cytokines,

chemokines,

and

activation

of

matrix

metalloproteinases. This will lead to ongoing continued inflammation and cartilage loss. AP1activator protein 1, IL-1β- interleukin-1 beta, JNK- c-Jun N-terminal kinases, MAPK- mitogenactivated protein kinases, MMPs- matrix metalloproteinases, NO- nitric oxide, NF-kB- nuclear
factor-kappa beta, PGE2- prostaglandin E2, TNF α- tumor necrosis factor alpha, TNFR1/2-tumor
necrosis factor receptor 1 and 2, TLRs- toll like receptor
28

1.5.7 Vitamin D, inflammation, and OA
Vitamin D deficiency is common worldwide [133]. Vitamin D deficiency has been
associated with many musculoskeletal diseases such as muscle weakness, rickets, osteomalacia,
osteopenia, and osteoporosis, increased risk of fracture and muscle weakness [133-134]. The
important role of Vitamin D in bone mineralization, remodeling, and maintenance is well known,
but the role of vitamin D in the pathogenesis of osteoarthritis is yet to be defined [135]. Low
level of vitamin D is associated with progression and increased prevalence of osteoarthritis [136139] and many studies support the beneficial role of vitamin D in osteoarthritis [140-141], but
this is controversial [142-143]. The cartilage damage in OA is due to periarticular bone
resorption and sclerosis during subchondral bone remodeling which in turn may be slowed down
by low levels of vitamin D resulting in bone thickening, osteophyte formation, and resultant
cartilage damage [135, 144]. Therefore low levels of vitamin D may affect structural change of
the knee joint [145]. Vitamin D influences the state of the articular structures by acting through
vitamin D receptors (VDR) and VDR polymorphism has been associated with osteoarthritis and
therefore vitamin D may play an important role in OA pathogenesis [146-148]. Low levels of
vitamin D have also been associated with an increased incidence of inflammation [149-150].
Inflammation and fatty infiltration in the articular structures of the joint may mediate the muscle
weakness and contribute to OA [134, 151]. The distortion of the muscle structure may lead to
muscle weakness and it has been suggested that muscle weakness is an early symptom of OA.
Low levels of vitamin D are associated with muscle weakness and impaired function [152].
Muscle weakness results in decrease in shock absorbing capacity in knee joint and precedes and
mediates the cartilage degeneration [61, 151] (Figure 1.9). Recent evidence suggests a potential
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role of inflammation in OA pathogenesis [6, 153] and vitamin D as an immunomodulatory and
anti-inflammatory agent may play a therapeutic role.

Figure 1.9: Pathogenesis of vitamin D deficiency and osteoarthritis. Deficiency of vitamin D
is associated with chronic inflammation in obesity, a major risk factor for OA. Vitamin D
deficiency also leads to weakness fatty infiltration of the muscle rendering it weak and leads to
joint instability and weakness with decreased load bearing capacity. Vitamin D deficiency
decrease the subchondral bone remodeling and results in osteophyte formation, a major feature
of osteoarthritic bone.
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1.6 Summary of the Introduction
OA has been considered as a wear and tear disease of the cartilage; however, recent
studies on OA suggest that inflammation plays a role in the pathogenesis of OA. Aging and
obesity associated chondrosenescence and inflammaging involving adipokines, PRRs, DAMPS,
PAMPs, and pro-inflammatory cytokines suggest the involvement of inflammation in the
pathogenesis of OA. Further, association of synovitis and presence of macrophages in synovitis
and cartilage indicate the role of macrophage induced inflammation and cartilage damage
through pro-inflammatory cytokines including IL-33, IL-6, IL-1β, and TNF-α and MMPs.
Furthermore, activation of innate immune response as a defense mechanism against trauma or
increased stress results in the production of pro-inflammatory cytokines and cartilage damage.
Further, the association of vitamin D deficiency with obesity, chronic inflammation, and fatty
infiltration in muscle, tendon, and ligaments leading to a decreased load bearing capacity of the
joint correlates it with OA. Thus, the involvement of pro-inflammatory cytokines, DAMPs,
PAMPs, PRRs, and macrophages mediate the inflammation within the joint. The mechanical
stress on the joint results in an overexpression of these mediators of inflammation. This results in
an imbalance between catabolic and anabolic factors and leads to the development of OA. The
role of various cytokines in the pathogenesis of OA has been discussed in the literature; however,
the role of IL-33 and IL-37 in modulating the mediators of inflammation in OA has not been
discussed.
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Thus, the outstanding questions, which are the basis of my research presented herein,
include the following:
1. Does the difference in the mechanical and shear stress between the knee and hip joint
affect the expression of DAMPs?
2. Is the secretion of DAMPs associated with the release of IL-33?
3. How the downstream signaling of IL-33 and IL-37 does affect the expression of
mediators of inflammation?
4. What is the effect of IL-33 and IL-37 on macrophage polarization?
5. What is the effect of calcitriol on the expression levels of mediators of inflammation
in chondrocytes?
6. What is the effect of calcitriol on the expression and action of IL-33 and IL-37 in
chondrocytes?
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2. Hypothesis and Aims
2.1 Hypothesis
IL-33 increases pro-inflammatory mediators and danger associated molecular patterns in
chondrocytes and inhibition of downstream signals of IL-33/ST2L receptors attenuates
inflammatory mediators and induces macrophage polarization.
2.2 Aims
Aim 1: To characterize the gene and protein expression of HMGB-1, RAGE, IL-33, IL-37, IL-6,
TNF-α, TLR-2 and TLR-4, NF-κB, MMP-2, and MMP-9 in osteoarthritic knee and hip joint
cartilage, and normal and osteoarthritic human chondrocytes and M1 and M2 macrophages in
osteoarthritic cartilage.
Aim 2: To analyze the effect of cytokines IL-33 and IL-37 on the gene expression of HMGB-1,
RAGE, IL-6, TNF-α, IL-33, IL-37, TLR-2 and TLR-4, NF-κB, MMP-2, and MMP-9 in normal
human chondrocytes and on macrophage polarization.
Aim 3: To analyze the effect of blocking IL-33 /ST2L receptor by administration of IL-33/ST2
blockers on the gene expression of HMGB-1, RAGE, IL-33, IL-37, IL-6, TNF-α, TLR-2 and
TLR-4, NF-κB, MMP-2 and MMP-9 in normal human chondrocytes.
Aim 4: To examine the effect of calcitriol on the expression of HMGB-1, RAGE, IL-33, IL-37,
IL-6, TNF-α, TLR-2 and TLR-4, NF-κB, MMP-2, and MMP-9 in normal human chondrocytes
and on macrophage polarization.
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3. General methods
3.1 Patient selection: The Institutional Review Board of Creighton University approved the
research protocol of this study as exempted since all knee and hip tissues were collected
anonymously without any potential identification of the patient. A total of 24 knee joint
replacement tissues and 5 hip replacement tissues were collected anonymously after surgery for
severe osteoarthritis at Creighton University Medical Center (CUMC) and Immanuel Medical
Center were collected and placed in a jar containing the University of Wisconsin (UW) solution.
The age, gender and the BMI of individual patient were anonymously provided by a nurse who
collected the knee and hip and not involved with the study. The average values for age were
62.25 years and 36.9 for body mass index for the knee joint and 70.8 years and 33.88 for the hip
joint (Table 3.1).
Table 3.1: Demographics of the human study subjects
Age in years

Gender

Race

Joint

Body Mass Index

1

71

F

Caucasian

Knee

37.2

2

94

M

White

Hip

23.68

3

65

M

White

Knee

32.3

4

58

F

White

Knee

55.07

5

78

M

White

Knee

42.34

6

64

F

White

Knee

43.15

7

53

F

White

Knee

44.61

8

73

F

White

Knee

24.28

9

67

F

White

Knee

35.95

34

10

60

F

White

Hip

41.5

11

67

M

White

Knee

28.75

12

62

F

White

Knee

48.41

13

71

F

White

Knee

38.32

14

70

F

White

Knee

26.6

15

43

M

Hispanic

Knee

30.3

16

26

F

White

Knee

15

17

78

F

White

Hip

27.42

18

44

F

White

Knee

32.29

19

47

F

White

Knee

33.95

20

66

F

African-American Knee

29.75

21

60

F

White

Hip

38.01

22

76

F

White

Knee

36.02

23

73

M

White

Knee

36.56

24

62

F

White

Hip

38.81

25

78

F

White

Knee

34.31

26

62

F

White

Knee

35.34

27

70

F

White

Knee

43.65

28

55

M

Caucasian

Knee

69.48

29

55

F

Caucasian

Knee

32.22
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3.2 Porcine model: The study was conducted using Yucatan female microswine [154-155].
Research protocol (IACUC #0971) for conducting the study was approved by the Institutional
Animal Care and Use Committee of Creighton University. Yucatan microswine (30-40 lbs) were
purchased from Sinclair Laboratories, Columbia, MO, USA. Swine were kept in a controlled
environment throughout the study in the Animal Resource Facility of Creighton University,
Omaha, NE. NIH standards and USDA guidelines were followed for their care and experimental
protocol.

In this study 11 microswine were fed a pelleted high cholesterol diet (Teklad

Miniswine Diet, Harlan Laboratories) with 17.4% protein, 45.2 % carbohydrate and 10.0% fat by
weight. Of the total kilocalories from diet, 20.4% of the kilocalories were from protein, 53.1% of
the kilocalories were from carbohydrate and 26.4% of the kilocalories were from fat. Two swine
were fed with pelleted high fructose diet (5IU/g D, Fructose, 4% Chol, NaCh, G; Teklad
Miniswine Diet, Harlan Laboratories) with 17.4% protein, 46.8 % carbohydrate and 10.0% fat by
weight. Of the total kilocalories from diet, 20.1% of the kilocalories were from protein, 54.0% of
the kilocalories were from carbohydrate and 26.0% of the kilocalories were from fat. The
pelleted diet was either deficient in Vitamin D (TD-150251), sufficient (TD-150250: 1.5 IU/g D,
HVO, 4% Chol, NaCh) with 1,500 IU/d of vitamin D3 or supplemented (TD-150252: 5 IU/g D,
HVO, 4% Chol, NaCh) with 5,000 IU/d of Vitamin D3. On the basis of our previous experience
and other studies, vitamin D3 supplementation of 1500 IU/day for sufficient and 5000 IU/ day
for supplemented group was added to achieve a normal (21-29 ng/m) and supplemented serum
levels of vitamin D in microswine [156-158]. Serum 25(OH) D levels were measured regularly.
Blood serum levels of vitamin D were measured and recorded. The swine were placed into three
respective categories bases upon the 25(OH) D levels. The 25(OH) D level parameters for the
classification were as follows: vitamin D deficient (VDDef) swine were ≤20 ng/ml, vitamin D
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sufficient (VDSuff) swine were 30-44 ng/ml and vitamin D supplemented (VDSupp) swine
were >44 ng/ml. Five swine were included in VDDef, 10 swine were included in VDSuff and 5
swine were included in VDSupp group for a total of 20 swine in this study. After one year of
diet, the microswine were euthanized and knee joint tissues were collected (Table 3.2).
Table 3.2: Details of the Yucatan micro-swine in the study
Swine group

Age at time of sacrifice

Number of swine in the study

Vitamin D levels

VD Def

≈18 months

5

8.1±1.13ng/ml

VD Suff

≈18 months

10

24.01±0.72ng/ml

VD Supp

≈18 months

5

52.58±5.68ng/ ml

VDDef- vitamin D deficient, VDSuff- vitamin D sufficient, VDSupp- vitamin D supplemented
3.3 Tissue acquisition and processing: Post-operatively the human knee and hip joint tissues
were collected and transported to the lab in the University of Wisconsin (UW) solution and
maintained at 4oC. Articular cartilage tissues from the medial and lateral tibial condyles and
femoral head near the area of cartilage loss, and fat tissue attached to the surgical specimens
were collected and fixed in 4% formalin. Cartilage tissues were also used to prepare the RNA
and cDNA and remaining tissues were stored at -80C.
In the case of microswine, the knee joint tissues (supra-patellar fat, quadriceps muscle,
articular cartilage of tibial tuberosity, patellar tendon, collateral ligaments, medial and lateral
menisci, infra-patellar fat pad and synovial membrane) were harvested quickly after euthanasia,
transported to the laboratory and fixed in 4% formalin buffer for 24 hours.
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3.4 Preparation and staining of specimen: Formalin fixed tissues were transversely sectioned
at 2mm after 24 hrs. followed by processing in Sakura Tissue Tek VIP Tissue Processor and
paraffin embedding. Microtome (Leica, Germany) was used for thin sectioning (5μm) of the
paraffin fixed tissues and the cut sections were placed on glass slides for hematoxylin and eosin
and immunofluorescence staining.
3.5 Hematoxylin and Eosin staining of specimen: Articular cartilage and fat tissues from the
human knee joint and supra-patellar fat, quadriceps muscle, articular cartilage of tibial
tuberosity, patellar tendon, collateral ligaments, medial and lateral menisci, infra-patellar fat pad
and synovial membrane from swine knee joint were stained with hematoxylin and eosin (H&E)
following manufacturer’s standard protocol (Newcomer/supply). Stained tissues were scanned at
20 X using Olympus inverted microscope (Olympus BX51) with the scale bar of 200μm. All the
slides and scanned images were reviewed by two independent observers in an anonymous
manner.
3.6 Immunofluorescence (IF) study: Prior to the immunostaining, the sectioned slides
underwent deparaffinization and rehydration by successive change in xylene (10 minutes with
mild shaking), xylene: ethanol solution (5 minutes), 100% ethanol (2 changes x 5 minutes each),
95% ethanol (2 minutes), 80% ethanol (2 minutes), 75% ethanol ( 2minutes), and distilled water
(5 minutes). The antigen retrieval was done by heat-induced epitope retrieval technique using the
HIER buffer (TA-135-HBL) in Thermo Scientific™ Lab Vision™ PT Module™. After the
antigen retrieval, the slides were kept in phosphate buffer saline (PBS) at room temperature for 5
minutes. This was followed by incubation in blocking buffer (5% horse serum in PBS) for 1 hour
and with primary antibody (Table 3.3) overnight at 4oC. The slides were washed 3 times 5
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minutes each with PBS and then incubated with Alexa Fluor 594 (red) and Alexa Fluor 488
(green) conjugated secondary antibodies (Invitrogen, Grand Island, NY, USA) at 1:1000
dilutions for 1 hour. DAPI (4, 6-diamidino-2-phenylindole) was used to stain nuclei. IgG
Isotypes for each fluorochrome was used to stain the negative controls. All slides were scanned
at 20X with an Olympus inverted fluorescent microscope (Olympus BX51). Fluorescence
intensity for each protein if interest was measured using Image-J software and mean fluorescence
intensity (MFI) was calculated. Three separate images of each tissue were used to measure the
MFI. All values were represented as mean ± SD. A value of p<0.05 (*p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001) was considered statistically significant.
Table 3.3: Primary antibodies used in the study
Primary antibody

Dilution Primary antibody

Dilution

Rabbit anti-HMGB-1 (ab191583)

1:200

Rabbit anti-IL33 (sc-98659)

1:50

Rabbit anti-RAGE (ab3611)

1:200

Rabbit anti-IL37 (ab153889)

1:200

Rabbit anti-S100A8 (ab196680)

1:200

Rabbit anti-ST2 (06-1116)

1:100

Rabbit anti-S100A9 (ab63818)

1:200

Goat anti-IL-6 (sc-1265)

1:50

Mouse anti-CD14 (ab182032)

1:200

Goat anti-TNFα (sc-1348)

1:50

Rabbit anti-Heparan sulfate

1:200

Rabbit anti-NF-κB (sc-372)

1:50

For projects involving human tissues

(ab23418)
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Goat anti-TLR2 (sc-8690)

1:50

Rabbit anti-pNF-κB (ab131109)

1:200

Rabbit anti-TLR4 (sc-10741)

1:50

Mouse anti-MMP2 (sc-13595)

1:50

Mouse anti-MyD88 (sc-136970)

1:50

Goat anti-MMP9 (sc-6840)

1:50

Goat anti-collagen II (sc-389924)

1:50

Mouse anti-CD14 (ab182032)

1:200

Goat anti-sox-9 (sc-17340)

1:50

Rabbit anti-CD86 (ab53004)

1:200

Mouse anti-chitinase-3 (ab93034)

1:200

Rabbit anti-CD206 (ab64693)

1:200

Rat anti-IL-10 (JES3-19F1)

1:200

Rabbit anti-CD163 (ab87099)

1:200

1μl/106

Anti-mouse CD206 Alexa Fluor

1μl/106

cells

488

cells

1μl/106

Anti-mouse CD163 Per-CP-

1μl/106

cells

eFluor 710

cells

Rabbit anti-TREM-1 (PAA213Po01) 1:200

Rabbit anti-collagen I (sc-30136)

1:50

Rabbit anti-TREM-2 (bs-2723R)

1:200

Goat anti-collagen II (sc-389924)

1:50

Mouse anti-CD 14 (ab182032)

1:200

Rabbit anti-collagen III (sc-

1:50

For flow cytometry
Anti-CD86 PE-Cyanin5

Anti-rat CCR7 APCeFluor780

Anti-mouse IL-10 PE-Cyanin 7

1μl/106
cells

For projects involving swine tissues

28888)
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Mouse anti-adiponectin (ab22554)

1:200

Goat anti-MMP1 (sc-21731)

1:50

Rabbit anti-leptin (ab16227)

1:200

Mouse anti-MMP2 (sc-53630)

1:50

Mouse anti-Neutrophil Elastase (sc-

1:50

Mouse anti-MMP8 (sc-101450)

1:50

1:50

Goat anti-MMP9 (sc-6840)

1:50

53388)
Mouse anti-MMP13 (sc-101564)

3.7 RNA isolation, cDNA synthesis, and real-time PCR: The articular cartilage tissues
obtained from the surgical specimens were used to isolate the total RNA using TRI reagent
(Trizol reagent, Sigma, St Louis, MO, USA) per the manufacturer’s instructions. The RNA was
quantified using Nanodrop (Thermo Scientific, Rockford, IL, USA). The cDNA was synthesized
using Improm II reverse transcription kit (Promega, Madison, WI, USA). Subsequently, the realtime PCR (RT-PCR) was performed in triplicate using SYBR Green Master Mix and a Real-time
PCR system (CFX96, BioRad Laboratories, and Hercules, CA, USA). The primers for different
genes (Table 3.4) were obtained from Integrated DNA Technologies (Coralville, IA, USA). The
PCR cycling conditions were 5 min at 950C for initial denaturation, 40 cycles of 30s at 950C, 30s
at 55-600C (per the primer annealing temperatures) and 30s at 720C followed by melting curve
analysis. Fold expression of mRNA transcripts relative to controls was determined after
normalizing to GAPDH. All values have been represented as mean ± SD. A value of p<0.05
(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant.
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Table 3.4: Forward and reverse primer sequences of the gene of interest used in RT-PCR
analysis.
Gene of

Forward primer

Reverse primer

5’-CTT GTG AGC TGG ACG ATG

5’-TGC AGA CAC ACA CTG GAA G-

AA-3’

3’

5’- AGG ACT CCC TCT AAG TGG

5’- GCC CAT AAG TGT GCT CTG

AAT AG-3’

AA-3’

5’-GGA GTG ATG GTT CTC CTG

5’-CCT TTC AGC TCA CCA CAG

TTT C-3’

TAT T-3’

5’-AAG CAC CCA GAT GCT TCA

5’- TCC GCT TTT GCC ATA TCT TC-

GT-3’

3’

interest
CD14

CD86

CD206

HMGB-1

IL-33

IL-37

IL-6

MMP-2

MMP-9

5’- AAG CAC CCA GAT GCT TCA 5’- TCC GCT TTT GCC ATA TCT TC
GT-3’

-3’

5’- CCT GCA GGG ACT CTT AGC

5’- CTC CGA CTG CAG TGT GAA

TG -3’

GA -3’

5’-ATA GGA CTG GAG ATG TCT

5’-GCT TGT GGA GAA GGA GTT

GAG G-3’

CAT AG-3’

5’-TGA TGG TGT CTG CTG GAA

5’-CTA CAG GAC AGA GGG ACT

AG-3’

AGA G-3’

5’-ACA AGC TCT TCG GCT TCT

5’-GGT ACA GGT CGA GTA CTC

G -3’

CTT A-3’
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NF-κB

RAGE

TLR-2

TLR-4

TNF-α

GAPDH

5’-GAC TAC GAC CTG AAT GCT

5’-GTC AAA GAT GGG ATG AGG

GTG-3’

AAG G-3’

5’- CCT GCA GGG ACT CTT AGC

5’- CTC CGA CTG CAG TGT GAA

TG-3’

GA-3’

5’-CTG GAG AAA GCC TTG AAC

5’-GAC ACT CGG TCT CTA GCA

TCT AT-3’

ATT T-3’

5’-TCA AAG AGC TGG TGC GAA

5’-CAG CTG CTT GTC TGC ATT TG

A -3’

-3’

5’-ACC CTC AAC CTC TTC TGG

5’-AAT CCC AGG TTT CGA AGT

CTC AA-3’

GGT GGT-3’

5’- GGT GAA GGT CGG AGT

5’- GGA TCT CGC TCC TGG AAG

CAA CGG ATT TGG TCG -3’

ATG GTG ATG GG -3’

3.8 Cell culture and immunofluorescence studies: Normal Human Articular Chondrocytes
(NHAC) cells (HC1824, Lonza, Walkersville, MD), and Osteoarthritic Human Chondrocytes
(HC-OA, 402OA-05a, Cell Applications Inc. San Diego, CA) were cultured in the complete
chondrocyte basal media (CC-3217, 10% FBS+1% penicillin-streptomycin) and chondrocyte
growth medium (411-500, Cell Application) respectively in the T25 flask in humidified 5% CO2
incubator at 37oC. Second or third passages of NHAC and HCOA cells were used for all
experiments.
NHAC and HCOA cells were cultured in a T25 flask and at 80% confluence about thirty
thousand cells were plated in each chamber of the chamber slides. At 50-60% pre-confluence,
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cells were fixed using 5% formalin for 10 minutes and washed with PBS (3x 5minutes). Further,
cells were treated with 0.1% triton for 15 minutes and then washed with PBS (3x 5minutes).
Cells were incubated with IL-33/ST2, IL-37, TLR-2/MyD88, TLR-4/MyD88, IL-6, TNF-α, NFκB, phospho-NF-κB, MMP-2, and MMP-9 primary antibodies overnight at 4oC. Dual
immunofluorescence for TLR-2, and TLR-4 with RAGE and HMGB-2 and RAGE with HMGB1 was also performed as per the standard protocol in our laboratory. Alexa Fluor 594 and Alexa
Fluor 488 were used as secondary antibody in 1:1000 dilutions. DAPI was used to counterstain
the nuclei. Stained slides were scanned at 20X with an Olympus inverted fluorescent microscope
(Olympus BX51) with a scale of 200μm. Fluorescence intensities for IL-33, IL-37, TLR-2 and
TLR-4 in three separate random images of cartilage and fat tissues were measured in the stained
slides using Image-J software and mean fluorescence intensity (MFI) was calculated. All values
have been represented as mean ± SD. A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and
****p<0.0001) was considered statistically significant.
3.9 Stimulation and inhibition studies: To study the effect of IL-33, IL-37, rHMGB-1, and
LPS on various inflammatory markers and mediators of cartilage damage, NHAC cells were
cultured in a T-75 flask and approximately 200,000 cells were plated in 6-well plates. After 8090% confluence, cells were treated with recombinant human IL-33 cytokine (25ng/ml),
recombinant human IL-37 cytokine (25ng/ml), recombinant human HMGB-1 (500ng/ml) and
LPS (100ng/ml). After the treatment fold change in mRNA expression compared to control for
IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9 was analyzed. In
another experiment, NHAC cells were stimulated with recombinant human IL-33 cytokine
(25ng/ml), recombinant human HMGB-1 (500ng/ml) and LPS (100ng/ml) followed by treatment
with recombinant human IL-37 cytokine (25ng/ml) at the same time and after 24 hours. Total
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RNA was extracted, cDNA was prepared and subjected to RT-PCR for the mRNA expression of
IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9 was analyzed
compared to control after standardizing with GAPDH. All values have been represented as mean
± SD. A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered
statistically significant.
3.10 Blocking Experiment to analyze the effect of blocking IL-33/ST2 receptor: To study the
effect of interleukin-33 on various genes after blocking the IL-33/ST2 receptor, NHAC cells
were cultured in a T-75 flask and then approximately 200,000 cells were plated in 6-well plate.
After 80-90% confluence, cells were treated with ST2 blocking antibody and with recombinant
human IL-33 cytokine (25ng/ml) along with matched control. In another experiment, NHAC
cells were first treated with ST2 blocking antibody for 1 hour followed by treatment with
recombinant human IL-33 cytokine (25ng/ml). RT-PCR for the mRNA expression of IL-33,
TLR-2, TLR-4, IL-6, TNF-α, NF-κB, RAGE, HMGB-1, MMP-2, and MMP-9 after blocking the
receptor for IL-33 was carried out and the results were analyzed compared to control after
standardizing with GAPDH. All values have been represented as mean ± SD. A value of p<0.05
(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant.
3.11 Flow cytometry and macrophage polarization studies: Human monocytes (THP-1 cells)
were cultured and propagated in a T25 flask using the RPMI complete medium (5% fetal bovine
serum + 1% penicillin-streptomycin) in a humidified incubator with 5% CO2 at 37C. At 80%
confluence, 200,000 cells were plated in each well of a 6 well plate and treated with Phorbol 12myristate 13-acetate (PMA) for 48 hrs to convert the monocytes (THP-1) to macrophage. After
the cells get attached to the flask surface and transformed to macrophages, cells were treated
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with IL-33 (10ng.ml) and IL-37 (10ng/ml) for 6 days changing the media every second day with
a fresh treatment. After 6 days, the cells were trypsinized and subjected to flow cytometry for
analyzing the positively stained cells for CD86 and CCR7 for M1 macrophage and CD206,
CD162, and IL-10 for M2a, M2b, and M2c macrophage respectively using the standard protocol.
Briefly, the cells were washed with PBS4 (PBS+ 4% fetal bovine serum) and centrifuged (300g x
10 minutes) followed by incubation with primary antibodies for anti-mouse CD86 PE-Cyanin5
(isotype IgG2bκ PE-Cyanin5), anti-rat CCR7 APCeFluor780 (isotype IgG2aκ APCeFluor780),
anti-mouse CD206 Alexa Fluor 488 (isotype IgG1κ Alexa Fluor 488), anti-mouse CD163 PerCP-eFluor 710 (isotype IgG1κ Per-CP-eFluor 710), and anti-mouse IL-10 PE-Cyanin 7 (isotype
IgG1κ PE-Cyanin7) for 45 minutes at a concentration of 10μl/106 cells. Cells were again
centrifuged (300g x 10 minutes) and after removing the supernatant, 500ml of Facs-fix (PBS:
10% formaldehyde= 3:2) was added to the cells. Isotypes for each Fluorochrome were used for
the negative control. OneComp eBeads (eBioscience 01-1111-42) with fluorescent conjugated
antibody were used for the positive control. Live cells were gated using FSC/SSC. Cell
populations were analyzed using Flow-Jo (v10) software. The average count of positively stained
cells from the three separate experiments was calculated analyzed by SPSS software for
significance.
3.12 Statistical analysis: Data are presented as mean ± SD (N=3). Data were analyzed by oneway ANOVA (graph-pad prism) and student’s t-test for significance. A value of p<0.05
(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant.
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Original Article 1
Increased Expression of Damage Associated Molecular Patterns (DAMPs) in Osteoarthritis
of Human Knee joint compared to Hip joint
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4.1 Abstract:
Osteoarthritis (OA) is a degenerative disease characterized by the destruction of cartilage.
The greatest risk factors for the development of OA include age and obesity. Recent studies
suggest the role of inflammation in the pathogenesis of OA. The two most common locations for
OA to occur are in the knee and hip joints. The knee joint experiences more mechanical stress,
cartilage degeneration, and inflammation than the hip joint. This could contribute to the
increased incidence of OA in the knee joint. Damage-associated molecular patterns (DAMPs)
including high mobility group box-1, receptor for advanced glycation end products, and alarmins
(S100A8 and S100A9) are released in the joint in response to stress mediated chondrocyte and
cartilage damage. This facilitates increased cartilage degradation and inflammation in the joint.
Studies have documented the role of DAMPs in the pathogenesis of OA; however, the
comparison of DAMPs and its influence on OA has not been discussed. In this study; the
DAPMs between OA knee and hip joints have been compared and a significant difference in the
levels of DAMPs expressed in the knee joint compared to the hip joint was found. The increased
levels of DAMPs suggest a difference in the underlying pathogenesis of OA in the knee and the
hip and highlight DAMPs as potential therapeutic targets for OA in the future.
Key words: Osteoarthritis; Hip joint; Knee joint; HMGB-1; RAGE; S100A8; S100A9.

48

4.2 Introduction
Osteoarthritis, a significant cause of joint pain and disability, is a degenerative disease of
the cartilage characterized by destruction of articular cartilage, a limited range of motion, joint
pain, tenderness, stiffness, crepitus, effusion, and inflammation without systemic effects [1-2].
The greatest risk factors for the development of osteoarthritis include age and obesity [5-6]. The
imbalance between degenerative and regenerative processes results in the loss of cartilage, joint
space narrowing, and subchondral bone thickening [5]. OA had been considered as wear and tear
disease due to the progressive loss of cartilage. However, recent studies suggest the role of
inflammation in the pathogenesis of osteoarthritis [4]. The progression of OA depends upon
continued cartilage destruction due to increased mechanical loads and inflammation [4]. The two
most common locations for osteoarthritis to occur are in the knee and hip joints [5]. The knee
joint experiences more mechanical stress and inflammation than the hip joint, and this could
contribute to the increased incidence of osteoarthritis in the knee [2, 4-6]. Understanding the
initiation and progression of the disease process and how degradation occurs in the joint is
essential to understand for identifying a better therapeutic strategy. Age and obesity are the
major risk factors for OA, accumulation of advanced glycation end products (AGEs) with aging
and releases of damage-associated molecular patterns (DAMPs), including high mobility group
box-1 (HMGB-1), receptor for advanced glycation end products (RAGE) and alarmins (S100A8
and S100A9) in response to chondrocyte and cartilage damage due to increased mechanical
loading and shearing stress may facilitate the cartilage degradation and inflammation in the joint
[6, 19, 80].
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4.3 Association of obesity and aging with DAMPs and OA
Obesity is a known cause of increased mechanical stress on joints is obesity. It is not only
the magnitude of the load but also the location of the load that influences damage, as more
damage is observed on the medial surface of the tibia [159]. Knee adduction in the gait has been
associated with femoral cartilage changes, and external knee flexion has been associated with
more tibial cartilage changes [82]. Obesity has been associated with increased mechanical
loading on the joint, as well as altering one’s gait. Like the knee joint, the hip is more likely to be
affected by OA in obese patients, but the relationship between obesity and OA is not as strong in
the hip as in the knee [81]. There is an elevated risk of hip OA in men involved in heavy manual
work such as construction and farming, implying the hip is better at bearing increased load
compared to the knee but is still vulnerable to increased weight [81]. Increased body weight in
obese patients is an increase in fat and muscle mass without a change in muscular strength. In
order to compensate for the increased load, gait is adjusted and that adjustment results in the
location of load changing within the joint, which adds to the degeneration. The extra weight in
obese patients may compress mechanoreceptors on chondrocytes and illicit a local proinflammatory response within the joint that further contributes to OA. Additionally, obesity leads
to the release of local and systemic pro-inflammatory markers, and in fact, low-grade systemic
inflammation is considered a hallmark of obesity [29]. Obesity contributes to OA through two
pathways, a weight dependent pathway where the mechanical load is increased on the joint, and
a weight-independent pathway that results in both systemic and local inflammation [160]. Heavy
mechanical load remains the largest contributor to the development of OA in the knee and hip
joint, along with the cycle of inflammation and repair. The damage caused by mechanical stress
on the joint results in the release of DAMPs that trigger an innate immune response [6].
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4.4 DAMPs and OA
The DAMPs released due to the mechanical stress of obesity may facilitate and potentiate
the progression of OA. The DAMPs can originate from the extracellular matrix, intracellular
alarmins, plasma proteins, and crystal deposits [6]. DAMPs interact with pattern recognition
receptors (PRRs) to initiate inflammation. Overexpression of DAMPs in joints has been linked to
the pathogenesis of OA [6]. The damage to chondrocytes within the cartilage allows the release
of damage associated molecular patterns (DAMPs) such as high mobility group box-1 (HMGB1), advanced glycation end products (AGEs) and alarmins (S100A8, and S100A9) [6]. DAMPs
interaction with toll-like receptors (TLRs) to initiate inflammation by increasing the secretion of
pro-inflammatory cytokines and the overexpression of DAMPs in joints has been linked to the
pathogenesis of OA [6]. Increased DAMPs in the joint space can act as cytokines and release
more DAMPs which further increase pro-inflammatory cytokines (interleukin-1β, tumor necrosis
factor-α, interleukin-6) and matrix metalloproteinases (MMPs). This leads to increased MMPs
and activated macrophages in the joint, resulting in extracellular and cartilage matrix damage,
and chondrocyte apoptosis [6, 9, 15, 17-18, 20, 68, 89, 121, 161-163]. The chondrocytes
apoptosis results in the secretion of HMGB-1, while chondrocyte senescence leads to the
accumulation of AGEs [59, 124, 164]. Collectively, DAMPs, proinflammatory cytokines, and
MMPs work through receptor for advanced glycation end products (RAGE), toll-like receptors
(TLRs), and nuclear factor-kappa B (NF-κB) and MAPK signaling cascades to mediate an
overexpression of proinflammatory genes and recruitment of activated macrophages to the area.
This results in the collagen loss, chondrocyte apoptosis, extracellular and cartilage matrix
damage [6, 165].

51

The NF-κB pathway is a regulator for inflammatory processes in chondrocytes and
allows those cells to express matrix metalloproteinase (MMPs), nitrous oxide synthase 2
(NOS2), cyclooxygenase-2 (COX2), and interleukin- 1 (IL-1) which can cause apoptosis, shift in
cell phenotype, and overexpression of pro-inflammatory genes that ultimately contribute to
further destruction of cartilage [165]. Activation of the MAPK pathway via mechanical and
inflammatory stimuli works through ERK, JNK and p38 kinase signaling cascade to induce gene
expression of catabolic and inflammatory genes that participate in the induction of MMP-13, a
collagenase with a higher selectivity toward collagen-II [165]. The majority of DAMPs
implicated in OA are components of the extracellular matrix such as biglycan, fibrinogen,
heparin sulfate, and hyaluronan, while others are cellular proteins such as high mobility group
box-1 (HMGB-1), heat shock proteins (HSP), tenascin-c, and S100A protein families, while
others are plasma proteins like fibronectin, or crystals like basic calcium phosphate [6, 166].
Biglycan, fibrinogen, hyaluronan, fibronectin, HMGB-1, HSPs, tenascin-c, and S100 family
proteins bind to TLRs and RAGE, and basic calcium phosphate and other crystals interact with
NLRP3 inflammasome [6, 165]. Since upregulation of RAGE has been associated with OA, the
role of RAGE as well as its ligands HMGB-1, S100A protein family, and heparin sulfate may
play a role in the pathogenesis of OA [167].
4.4.1 High Mobility Group Box-1
HMGB-1 is a non-histone nuclear protein that facilitates the binding of transcription
factors and aids in the maintenance of nucleosomal structure [168]. HMGB-1 is ubiquitous in
eukaryotic cells as a nuclear protein, and its release from the nucleus is associated with an
inflammatory response suggesting the dual role of HMGB-1 as a nuclear protein and as a
cytokine [22]. HMGB-1 can be released following damage to cells, like necrosis or hypoxia, or
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following stimulation from cytokines like TNF-α [164]. Since the extracellular presence of
HMGB-1 is known to trigger an inflammatory response, the molecule is thought to be a
significant contributor to the pathogenesis of chronic inflammatory diseases like OA [26].
HMGB-1 has been documented as a significant contributor to the pathogenesis of chronic
inflammatory diseases, including OA and rheumatoid arthritis [18, 26]. Terada et al. [168] have
documented significantly increased ratios of HMGB-1 positive cells to be present with higher
grades of OA in knee cartilage, relative to cartilage normal joints, and in grade 1 OA joints.
However, HMGB-1 is not just an expresser of inflammation but also acts as a trigger that
stimulates many other pro-inflammatory cascades [168]. Further, overexpressed extracellular
HMGB-1 in OA synovium and amplification of inflammation in synovium in cooperation with
IL-1β leading to the increased production of cytokines, chemokines, and MMPs suggest the
crucial role of HMGB-1 in OA pathogenesis [18]. Interleukin (IL) -1β and tumor necrosis factor
(TNF)-α have been shown to stimulate the release of HMGB-1 from chondrocytes, where
HMGB-1 will then bind to TLRs and RAGE on macrophages and other neighboring cells [168].
HMGB-1 binding to TLR-4 will proceed down the MyD88 dependent pathway and activate
transcription factors NF-κB, AP (activator protein)-1 and MAPK [166]. On macrophages, this
pathway will induce the production of IL-1β and TNF-α, which will, in turn, increase
inflammation and stimulate more release of HMGB-1 on chondrocytes [168].
Additionally, IL-1β and TNF-α will upregulate TLR-2, another receptor for HMGB-1,
suppress extracellular matrix synthesis, and induce the expression of other cytokines such as IL-6
and IL-8 which promote cartilage catabolism by producing matrix degrading enzymes [68].
HMGB-1 has been known to induce the release NO, MMP-3, MMP-13, and a disintegrin and
metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) via secretion by chondrocytes,
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and therefore exhibits the same pro-inflammatory responses observed by TNF-α and IL-1β [124].
HMGB-1 is involved in a cyclic pro-inflammatory process which the release of HMGB-1 can be
triggered by chondrocyte damage or the release of cytokines such as IL-1β. The binding of
released HMGB-1 with TLRs and RAGE will induce a signaling cascade largely through the NFκB pathway. This, in turn, triggers the expression of more pro-inflammatory cytokines, such as
IL-1β which will continue the inflammatory cycle by releasing more HMGB-1. TLR2, TLR4 and
their associated molecule MyD88 with HMGB-1 are central to chondrocyte matrix catabolism
and chondrocyte hypertrophy, however HMGB-1 interactions with RAGE in addition to TLRs
comprise the total chondrocyte catabolic processes triggered by HMGB-1 [124]. Since HMGB-1
is so involved in chondrocyte inflammation, especially in OA, HMGB-1 can be used as a marker
to assess the severity of cartilage damage in OA [164]. HMGB-1 release from the necrotic cells
is associated with cellular damage, and from macrophage and myeloid cells due to stimulation
from inflammatory cytokines such as interleukin (IL)-1β, and tumor necrosis factor (TNF)-α
[18]. Binding of HMGB-1 to its ligands TLR2 and TLR4 on chondrocytes and macrophages
induces the secretion of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF- α
through MyD88 signaling cascade. This results in the activation of MMPs and a feedback loop
increasing the cartilage damage.
One of the receptors for HMGB-1 is RAGE. RAGE is a member of the immunoglobulin
family and is expressed in a variety of cells to include chondrocytes and macrophages. An
increase in RAGE is noted in OA and can result in the production of matrix metalloproteinases
suggesting that RAGE and its ligands play a direct role in the degradation of a joint [124].
HMGB-1 interactions with RAGE comprise a large portion of total chondrocyte catabolism
triggered by HMGB-1, and both RAGE and HMGB-1 are upregulated to a significant degree in
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OA [168]. The increased prevalence of the OA in the elderly population may be attributed to the
accumulation of the AGEs with the increasing age and the association with their receptor RAGE
[19, 80].
4.4.2 Receptor for Advanced Glycation End Products
RAGE is a member of immunoglobulin family, and acts a receptor of advanced glycation
end-products, and is expressed in a diverse array of cell types to include macrophages, and
endothelial cells [124]. However, an increase in RAGE is noted in OA and its ability to stimulate
NF-κB and MAPK pathways leading to MMP-13 stimulation suggest that RAGE and its ligand
play a direct role in the degradation of the joint [124]. Advanced glycated end-products (AGEs),
a ligand for RAGE, are formed by glycation of proteins with sugars; their accumulation is related
to protein turnover. The long life of collagen contributes to an increase in AGEs, especially in
cartilage, and may explain an age related predisposition to OA [14]. Increasing AGE would
increase signaling cascades initiated by RAGE and lead to the production of MMPs and other
pro-inflammatory cytokines, possibly contributing to OA. In addition to AGEs, RAGE also binds
HMGB-1 and S100 alarmins and enhances oxidative stress and stimulates MMP-13 production
to degrade collagen II in cartilage [124]. HMGB-1 interacts with RAGE and initiates signaling
pathways through NF-κB that propagate further expression of RAGE through an amplification
loop in addition to inducing inflammatory cytokines. MMP-3 expression in chondrocytes has
been shown to proceed through HMGB-1 and RAGE signaling; binding of RAGE with HMGB-1
can stimulate c-Src/Akt/NF-κB cascade leading to MMP-3 production [23].
RAGE has been shown to play a role in OA, with noted increase where its ligand is more
prevalent; in aging populations where AGEs are increased, as well as in patients where HMGB-1
and S100 alarmins are increased [14]. Decreased RAGE density is noted in healthy joints. NF-κB
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can bind to the RAGE promoter; any stimuli that increase NF-κB activity can activate RAGE
transcription [124]. Ligands such as HMGB-1 and S100 that can interact through TLRs and the
NF-κB pathway can induce RAGE production, as well as cytokines such as IL-1β. Furthermore,
inhibition of RAGE with sRAGE, a truncated form of RAGE, suppressed the development of
OA in mice models [124]. This suggests that RAGE plays a vital role in the pathogenesis and
development of OA, and can help explain part of the reason aging populations are at higher risk
for OA via the increase of AGEs. It has been revealed that chondrocytes express several types of
RAGE that have undergone post-translational modifications, with the 55-kD form more
prevalent in OA [124].
RAGE is expressed in a variety of cell types to include macrophages and chondrocytes.
Inflammatory cytokines such as TNF-α and IL-1β and DAMPs such as HMGB-1 and S100
proteins can induce RAGE expression through NF-κB/ ERK pathways [124]. Binding of RAGE
will further activate NF-κB pathways that induce oxidative stress and MMPs, to include MMP13 in chondrocytes, as well as cytokines TNFα and IL-1β. Those molecules contribute to further
degradation of cartilage as well as increase general inflammation and participate in amplification
loop that up-regulates RAGE. Age and obesity are considered two of the greatest risk factors for
OA, and since an increase in AGEs are correlated in aging populations, and obesity is correlated
with increased release of DAMPs such as HMGB-1, both factors contribute to upregulation of
RAGE [14]. RAGE up-regulation may be vital to the pathogenesis of OA, and suppression of
RAGE could lead to therapeutic outcomes in patients with OA. RAGE and its ligands operate
through NF-κB signaling cascade that acts as a positive feedback loop for pro-inflammatory
cytokines and upregulation of RAGE. Binding of RAGE with HMGB-1 induces MMP-3, so
RAGE up-regulation may be vital to the pathogenesis of OA [23]. Further, decreased RAGE
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activity in healthy joints and increased RAGE activity in the inflammatory arthritic joint suggests
the potential role of RAGE in the pathogenesis of OA [15, 163].
4.4.3 Alarmins
S100A8 and S100A9 are calcium binding proteins that are involved in the cytoskeleton
and help participate in movement and adhesion, as well as help regulate enzyme activities in a
calcium dependent manner [28, 125]. However, when released from the cell they act as proinflammatory cytokines known as alarmins. S100A8 and S100A9 have been found in
granulocytes, monocytes, and macrophages, and the increase of these proteins has been found in
patients with inflammatory arthritis [28]. The alarmins can be secreted as homodimers and
heterodimers and the heterodimer has been known to enhance leukocyte recruitment to the local
environment. S100A8/9 complex can bind to endothelial surface receptors and interact with
surface receptors such as heparin sulfate, and RAGE but the major receptor is TLR 4 [125].
Chondrocytes have also been shown to express the S100A8 and S100A9 alarmins following
stimulation via IL-1 and their increase is believed to play a role in cartilage degradation [28].
Cartilage is not the only tissue affected by OA. OA is driven by pathologic changes in the
synovium and subchondral bone as well, with 50% of OA patients showing synovial
inflammation in the early and late stages of the disease [97]. Further, macrophage activation is
crucial in regulating synovial inflammation and subsequent cartilage degradation in osteoarthritis
[97]. While OA is typically thought of as a disease of cartilage degradation, more evidence is
suggesting that synovitis also plays a role [27]. The synovial macrophages play a significant role
in cartilage degradation, as the removal of these macrophages prior to the introduction of
experimental OA resulted in almost complete halting of MMP induced destruction and
osteophyte formation [97]. Extracellular S100A8 has been shown to stimulate the expression of
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various MMPs and is thought to be a major mediator of cartilage degradation [125]. Therefore,
the current evidence suggests that extracellular alarmins released by chondrocytes and
contributes to cartilage degradation and advancement of OA, however, their role in the onset and
progression of OA remain unknown [28]. Their net catabolic effect is achieved through TLR-4
signaling and is significantly higher in OA chondrocytes than normal chondrocytes [27].
The regulation of S100A8 and S100A9 secretion from chondrocytes could play a role in
the early stages of OA and highlight differences between OA and other inflammatory joint
diseases [28]. S100A8 and S100A9 as homodimers promote increased catabolism, while the
heterodimer does not tend to effect metabolism, so a dysregulation of the two proteins has
potential pathogenic effects. Furthermore, immunostaining in surgically-induced mouse OA of
the alarmins was restricted to load-bearing cartilage which suggests that mechanical factors,
rather than systemic factors such as cytokines, play a more significant role in the metabolism of
the alarmins in OA [28]. The increase of the extracellular alarmins results in an increase in
MMPs as well as stimulates the release of IL-6, IL-8, and IL-1β, which may attract granulocytes
to the cartilage and IL-8 could initiate a positive feedback loop by increasing the number of
inflammatory cells in the joint which release more S100A8/9 proteins [27]. Patients with
increased S100A8 and S100A9 levels were shown to have a highly increased risk of developing
severe OA, and since S100A8/9 remains at high levels for a prolonged period of time, they may
be effective biomarkers for assessing and predicting the cartilage destruction in OA [97].
S100A8/9 proteins can be released from synovial macrophages after macrophage activation from
other cytokines, and play role in synovitis and cartilage degradation. Chondrocytes also release
the alarmins, but evidence suggests chondrocytes depend more on mechanical stressors to initiate
the release of alarmins than cytokines [6, 169]. Since the alarmins have increased levels in OA,
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and their levels remain high for prolonged periods of time, their potential as a biomarker that
judges and predicts the severity of OA could have therapeutic value.
Similar to HMGB-1 and RAGE, increased levels of alarmins, S100A8 and S100A9 have
been associated with inflammatory arthritis, cartilage destruction, macrophage recruitment and
induction of MMPs. The alarmins S100A8 and S100A9 are found in granulocytes, macrophages,
and chondrocytes. They are calcium binding proteins involved in the movement and adhesion of
the cytoskeleton [28, 125]. S100A8 and S100A9 potentiate signals through TLR-4 and RAGE in
a similar manner to HMGB-1. Thus, HMGB-1, RAGE, S100A8, and S100A9 play a significant
role in the pathogenesis of OA.
4.4.4 Heparan Sulfate
Heparan sulfate proteoglycan surface receptors (HSPG) are among the most abundant
receptors and serve to modulate the binding of extracellular proteins to other receptors on the cell
[170]. Since HSPGs serve as modulators, they can affect ligand/receptor encounters by altering
ligand concentrations or receptor oligomerization [170]. Heparan sulfate is non-selective
molecule and can also facilitate the binding of cellular proteins to matrix components, allowing
synovial macrophages to bind to cartilage in arthritis [171]. HMGB-1 and RAGE have also been
shown to bind heparan sulfate [172]. HMGB-1 is heparan sulfate dependent signaling factor but
is controlled at the RAGE level opposed to HMGB-1. Evidence suggests that RAGE and heparan
sulfate are preformed complexes at the endothelial surface that help facilitate the binding of
RAGE and HMGB-1 [172]. Since HSPGs are non-selective and act on a variety of DAMPs to
include RAGE, HMGB-1, and heat shock proteins, HSPGs may serve as vital coreceptor during
inflammatory processes in damaged tissue [172]. HSPGs may also serve to localize that
inflammation; HMGB-1 may bind heparan sulfate in the extracellular matrix thereby preventing
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greater diffusion of the DAMPs. Heparan sulfate is a protein that exists in the ECM and serves to
modulate binding between ligands and receptors. HSPG is a non-selective molecule that may
play a role in local inflammation of damage tissue by binding HMGB-1 and RAGE. Regulation
appears to occur at the level of RAGE, where preformed complexes between heparan sulfate and
RAGE seem to facilitate binding of RAGE ligands such as HMGB-1. Additionally, heparan
sulfate may aid in localization of inflammation by binding HMGB-1 in the ECM to restrict
further diffusion of the molecule.
The role of imbalance between the anabolic and catabolic process, inflammation, and
DAMPs in the cartilage destruction has now been well studied [124, 165, 173]. Further, the
relationship between obese patients with OA of the knee is greater than the relationship of obese
patients with OA of the hip [81]. This signifies that the increased stress on the knee joint may
lead to more mechanical damage compared to stresses and damaged observed in the hip joint.
Few studies have suggested the role of increased DAMPs and inflammation in OA of knee and
hip joint; however, the comparative analysis for the levels of these mediators of chondrocyte
damage and their expression in the osteoarthritic knee and the hip joint has not been discussed
[6, 81, 97]. Increased levels of DAMPs may contribute to the enhanced inflammation and
cartilage damage in the knee joint for OA as compared to the hip joint. This study provides an
insight into the role of DAMPs in OA by comparing levels of DAMPs in knee and hip joint via
histological and molecular evidence. Since the knee and hip joints handle mechanical loads
differently, and mechanical loads are associated with the release of DAMPs in OA, there will be
a significant difference in the level of DAMPs expressed between the knee and hip joint.
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4.5 Material and Methods
4.5.1 Patient selection: The Institutional Review Board of Creighton University approved the
research protocol of this study was exempted since all the knee and hip tissues were collected
anonymously without any potential identification of the patient. Total 24 knee joints and 5 hip
joints from the patients undergoing total knee or hip replacement at Creighton University
Medical Center (CUMC) and Immanuel Medical Center were collected and placed in a jar
containing the University of Wisconsin (UW) solution. The age, gender, race and the BMI of
individual patient was anonymously provided by a nurse who collected the knee and hip and not
involved with the study.
4.5.2 Tissue acquisition and processing: Post knee and hip joint replacement tissues were
obtained and transported to the lab in the University of Wisconsin (UW) solution and maintained
at 4oC. Articular cartilage tissues from the medial and lateral tibial condyles and femoral head
near the area of cartilage loss and fat tissue present around the joint was collected with the
scalpel and fixed in 4% formalin. Cartilage tissues were also used to prepare the RNA and
cDNA.
4.5.3 Preparation and staining of specimen: Tissue specimens fixed in 4% formalin for 24
hours were transversely sectioned at 2mm, processed in Sakura Tissue Tek VIP Tissue Processor
and embedded in paraffin. Thin sections (5μm) were cut using a microtome (Leica, Germany)
and placed on glass slides for staining. Hematoxylin and eosin following manufacturer’s
standard protocol (Newcomer supply), and immunofluorescence studies were performed on the
sectioned tissues.
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4.5.4 Hematoxylin and Eosin staining of specimen: Articular cartilage tissues were stained
with

hematoxylin

and

eosin

(H&E)

following

manufacturer’s

standard

protocol

(Newcomer/supply). All the images to check the cartilage tissue were scanned at 20 X using
Olympus inverted microscope (Olympus BX51) with the scale bar of 200μm. All the slides were
reviewed by a board-certified pathologist.
4.5.5 Immunofluorescence (IF) study: Prior to the immunostaining, the sectioned tissue
(cartilage and fat) slides underwent deparaffinization, rehydration, and antigen retrieval as per
the standard protocol in our laboratory. Rabbit anti-HMGB-1 (ab191583), rabbit anti-RAGE
(ab3611), rabbit anti-S100A8 (ab196680), rabbit anti-S100A9 (ab63818), and rabbit antiHeparan sulfate (ab23418) at 1:200 dilution primary antibodies, and Alexa Fluor 594 (red)
conjugated secondary antibodies (Invitrogen, Grand Island, NY, USA) at 1:500 dilution were
used for immunostaining. The slides were counterstained with DAPI (4, 6-diamidino-2phenylindole) to stain nuclei. Negative controls were run by using isotypes for each
fluorochrome. All the slides were scanned at 20X with an Olympus inverted fluorescent
microscope (Olympus BX51). Fluorescence intensity for HMGB-1, RAGE, S100A8, and
S100A9 was measured in the stained slides using Image-J software and mean fluorescence
intensity (MFI) was calculated. Three separate images of each tissue were used to measure the
MFI.
4.5.6 RNA isolation, cDNA synthesis, and real-time PCR: The articular cartilage tissue
obtained from the surgical specimens were used to isolate the total RNA using TRI reagent
(Trizol reagent, Sigma, St Louis, MO, USA) according to the manufacturer’s instructions. The
RNA obtained was quantified using Nanodrop (Thermo Scientific, Rockford, IL, USA). The
62

cDNA was synthesized using Improm II reverse transcription kit (Promega, Madison, WI, USA).
Subsequently, the real-time PCR (RT-PCR) was performed in triplicate using SYBR Green
Master Mix and a Real-time PCR system (CFX96, BioRad Laboratories, and Hercules, CA,
USA). The primers for different genes (Table 4.1) were obtained from Integrated DNA
Technologies (Coralville, IA, USA). The PCR cycling conditions were 5 min at 95 0C for initial
denaturation, 40 cycles of 30s at 950C, 30s at 55-600C (according to the primer annealing
temperatures) and 30s at 720C followed by melting curve analysis. Fold expression of mRNA
transcripts relative to controls was determined after normalizing to GAPDH.
Table 4.1: Forward and reverse primer sequences of the gene of interest used in RT-PCR
analysis.
Gene

of Forward primer

Reverse primer

interest
HMGB-1

5’- AAG CAC CCA GAT GCT TCA GT- 5’- TCC GCT TTT GCC ATA TCT TC 3’

RAGE

3’

5’- CCT GCA GGG ACT CTT AGC TG - 5’- CTC CGA CTG CAG TGT GAA GA
3’

S100A8

S100A9

-3’

5’-CTG GAG AAA GCC TTG AAC TCT 5’-GAC ACT CGG TCT CTA GCA ATT
AT-3’

T-3’

5’-TCA AAG AGC TGG TGC GAA A -3’

5’-CAG CTG CTT GTC TGC ATT TG 3’

GAPDH

5’- GGT GAA GGT CGG AGT CAA 5’- GGA TCT CGC TCC TGG AAG
CGG ATT TGG TCG -3’

ATG GTG ATG GG -3’

4.5.7 Cell Culture and immunofluorescence: Normal Human Articular Chondrocytes (NHAC)
cells (HC1824, Lonza, Walkersville, MD), and Osteoarthritic human Chondrocytes (HC-OA,
402OA-05a, Cell Applications Inc. San Diego, CA) were cultured in the complete chondrocyte
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basal media (CC-3217, 10% FBS+1% penicillin-streptomycin) and chondrocyte growth medium
(411-500, Cell Application) respectively in the T25 flask. After 80% confluence, 30,000 cells
were plated in each chamber of the chamber slides and immunofluorescence staining was
performed for HMGB-1(ab191583), RAGE (ab3611), S100A8 (ab196680), and S100A9
(ab63818) as per the standard protocol in our laboratory using Alexa Fluor 594 secondary
antibody and DAPI to counterstain the nuclei. All the slides were scanned at 20X with an
Olympus inverted fluorescent microscope (Olympus BX51). Fluorescence intensity in ten
randomly selected cells was quantified with Image-J software for each gene and mean
fluorescence intensity (MFI) was calculated.
4.5.8 Statistical analysis: Data are presented as mean ± SD (N=3). Data was analyzed by
Mann-Whitney test (SPSS) and t-test for significance. A value of p<0.05 (*p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001) was considered statistically significant.
4.6 Results
4.6.1 Decreased number of chondrocytes in knee joint cartilage: Hematoxylin and Eosin
staining of the osteoarthritic knee and hip joint cartilage showed decreased number of
chondrocytes in the knee joint cartilage (Figure 4.1 IIA) compared to hip joint cartilage (Figure 1
IIB).
4.6.2 Immunopositivity for DAMPs in osteoarthritic knee and hip joint cartilage:
Immunohistochemical staining of knee and hip joint cartilage for HMGB-1(Figure 4.1 IIIA and
IIIE), RAGE (Figure 4.1 IIIB and IIIF), S100A8 (Figure 4.1 IIIC and IIIG) and S100A9 (Figure
4.1 IIID and IIIH) showed positivity for these DAMPs in knee and hip joint cartilage. The
immunopositivity was higher for knee joint cartilage compared to hip joint cartilage.
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Figure 4.1: Post-surgical tissue, hematoxylin and eosin staining and immunohistochemistry
of knee and hip joint cartilage and fat. Hematoxylin and eosin staining showed the greater
number of chondrocytes in the hip cartilage compared to the knee cartilage suggesting more
cartilage degeneration in the knee joint. Immunohistochemistry of the tissues showed greater
staining for HMGB-1, RAGE, and S100 proteins in the knee compared to the hip joint. Postsurgical cartilage tissues (Panels IA, IB, and IC-source of cartilage and fat tissues), hematoxylin
and eosin staining in cartilage (Panels IIA and IIB) and fat (Panel IIC), immunohistochemistry
for HMGB-1 (Panels IIIA and IIIE), RAGE (Panels IIIB and IIIF), S100A8 (IIIC and IIIG), and
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S100A9 (Panels IIID and IIIH) in knee and hip joint cartilage. The images are representative of
all the study subjects. Stained slides were scanned at 40X with a scale bar of 200μm with an
inverted Olympus microscope.
4.6.3 Increased immunoreactivity of HMGB-1, RAGE, and alarmins in the knee joint:
Immunofluorescence staining showed increased immunoreactivity for HMGB-1 (Figs. 4.2A and
4.2D), RAGE (Figs. 4.2G and 4.2J), S100A8 (Figs. 4.3 A and 4.3D), and S100A9 (Figs. 4.3G
and 4.3J) in the knee joint cartilage compared to the hip joint cartilage. The immunoreactivity of
RAGE was higher compared to HMGB-1 (Fig. 4.2M) and the immunoreactivity for S100A8 was
found higher compared to S100A9 (Fig. 4.3 M) in both knee and hip joints. Heparan sulfate did
not show any immunoreactivity either in the knee or hip joint cartilage (Data not shown). There
was minimal or no immunoreactivity for HMGB-1, RAGE, (Figure 4.4), S100A8, and S100A9
(Figure 4.5) in the fat tissues of the knee and hip joint.
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Figure 4.2: Immunofluorescence and mRNA analysis (RT-PCR) for HMGB-1 and RAGE
in the knee and hip joint osteoarthritic cartilage. HMGB-1 (Panels A and D), RAGE (Panels
G and J), DAPI (Panels B, E, H, and K), merged images (Panels C, F, I, and L), MFI for HMGB1 and RAGE (Panel M), and folds change in mRNA expression of HMGB-1 and RAGE (Panel
N). These are the representative figures from 24 knee and 5 hip joints in the study. All data has
been represented as mean ± SD (N=5). A p <0.05 was considered as significant (*p<0.05,
**p<0.01, and ***p<0.001). DAPI- 4, 6-diamidino-2-phenylindole, HMGB-1-High-mobility
group box-1, MFI-mean fluorescence intensity, RAGE-receptor for advanced glycation end
products
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Figure 4.3: Immunofluorescence and mRNA analysis (RT-PCR) for S100A8 and S100A9 in
the knee and hip joint osteoarthritic cartilage. S100A8 (Panels A and D), S100A9 (Panels G
and J), DAPI (Panels B, E, H, and K), merged images (Panels C, F, I, and L), MFI for S100A8
and S100A9 (Panel M), and folds change in mRNA expression of S100A8 and S100A9 (Panel
N). These are the representative figures from 24 knee and 5 hip joints in the study. All data has
been represented as mean ± SD (N=5). A p <0.05 was considered as significant (**p<0.01 and
***p<0.001). DAPI- 4, 6-diamidino-2-phenylindole, MFI-mean fluorescence intensity
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Figure 4.4: Immunofluorescence for HMGB-1 and RAGE in the knee and hip joint fat.
HMGB-1 (Panels A and D), RAGE (Panels G and J), DAPI (Panels B, E, H, and K), and merged
images (Panels C, F, I, and L). These are the representative figures from 24 knee and 5 hip joints
in the study. DAPI- 4, 6-diamidino-2-phenylindole, HMGB1- high-mobility group box-1,
RAGE- receptor for advanced glycation end products
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Figure 4.5: Immunofluorescence for S100A8 and S100A9 in the knee and hip joint fat.
S100A8 (Panels A and D), S100A9 (Panels G and J), DAPI (Panels B, E, H, and K), and merged
images (Panels C, F, I, and L). These are the representative figures from 24 knee and 5 hip joints
in the study. DAPI- 4, 6-diamidino-2-phenylindole
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4.6.4 Increased expression and mean fluorescence intensity of DAMPs in osteoarthritic
chondrocytes cells: Immunostaining of the normal (NHAC) and osteoarthritic chondrocytes
(HCOA) showed increased immunoreactivity for HMGB-1 (Figs. 4.6A and 4.6D), RAGE (Figs.
4.6G and 4.6J), S100A8 (Figs. 4.7A and 4.7D), and S100A9 (Figs. 4.7G and 4.7J) in the
osteoarthritic chondrocytes (HCOA) compared to normal human chondrocytes (NHAC). The
immunoreactivity for HMGB-1 was significantly higher than S100A8, S100A9 and RAGE
(HMGB-1> RAGE> S100A8> S100A9) (Figs. 4.4 and 4.5). Immunofluorescence revealed the
nuclear expression of HMGB-1, and nuclear as well as the cytoplasmic expression of RAGE,
S100A8, and S100A9 in NHAC and HCOA chondrocytes.
4.6.5 Increased mRNA expression and of HMGB-1, RAGE, and S100A8 and S100A9 in
knee joint: Mean fluorescence intensity (MFI) evaluation with Image-J software showed
significantly increased MFI in knee joint cartilage compared to hip joint cartilage (Figs. 4.2M,
and 4.3M), and in HCOA compared to NHAC (Figs. 4.6M and 4.7M). The RT-PCR analysis
revealed significantly increased mRNA expression of the HMGB-1, RAGE, and S100A8 in knee
joint cartilage compared to hip joint cartilage (Figs. 4.2N, and 4.3N), and in HCOA compared to
NHAC (Figs. 4.6N and 4.7N).
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Figure 4.6: Immunofluorescence and mRNA analysis (RT-PCR) for HMGB-1 and RAGE
in normal and osteoarthritic chondrocytes. HMGB-1 (Panels A and D), RAGE (Panels G and
J), DAPI (Panels B, E, H, and K), merged images (Panels C, F, I, and L), MFI for HMGB-1 and
RAGE (Panel M), and folds change in mRNA expression of HMGB-1 and RAGE (Panel N). All
data has been represented as mean ± SD (N=3). A p <0.05 was considered as significant (
***p<0.001 and ****p<0.0001). DAPI- 4, 6-diamidino-2-phenylindole, HCOA-human
chondrocyte osteoarthritic, HMGB-1-High-mobility group box-1, MFI-mean fluorescence
intensity, NHAC-normal human articular chondrocytes, RAGE-receptor for advanced glycation
end products
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Figure 4.7: Immunofluorescence and mRNA analysis (RT-PCR) for S100A8 and S100A9 in
normal and osteoarthritic chondrocytes. S100A8 (Panels A and D), S100A9 (Panels G and J),
DAPI (Panels B, E, H, and K), merged images (Panels C, F, I, and L), MFI for S100A8 and
S100A9 (Panel M), and folds change in mRNA expression of S100A8 and S100A9 (Panel N).
All data has been represented as mean ± SD (N=3). A p <0.05 was considered as significant
(**p<0.01, ***p<0.001 and ****p<0.0001). DAPI- 4, 6-diamidino-2-phenylindole, HCOAhuman

chondrocyte

osteoarthritic,

HMGB-1-High-mobility

group

box-1,

MFI-mean

fluorescence intensity, NHAC-normal human articular chondrocytes, RAGE-receptor for
advanced glycation end products
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4.7 Discussion
Significantly increased protein and gene expression of HMGB-1, RAGE, S100A8 and
S100A9 by immunofluorescence and RT-PCR in the articular cartilage of the osteoarthritic
human knee joint compared to hip joint was observed in this study. There was minimal to no
immunoreactivity for HMGB-1, RAGE, S100A8 and S100A9 in the fat tissue of the knee joint.
Significantly higher protein and gene expression of HMGB-1, RAGE, S100A8, and S100A9 was
also found in human osteoarthritic chondrocytes compared to normal human articular
chondrocytes. The higher prevalence of OA in the knee compared to the hip suggests different or
amplified factors contribute to the progression of the disease. The increased expression of
HMGB-1, RAGE, S100A8 and S100A9 observed in the knee joint compared to the hip joint
suggest that these DAMPs may be a significant factor facilitating the increased cartilage loss and
rapid progression of OA in the knee joint compared to hip joint [5]. The involvement of different
molecules and downstream signals in the pathogenesis of OA may lead to significant differential
expression of DAMPs in the osteoarthritic knee and hip joint found in our study. This may
differentially affect the development and progression of arthritis and indicate that the
management of OA in knee and hip joint should be patient as well as joint specific [26-28, 6870, 77, 106, 121, 124-125].
In the joint space, HMGB-1, RAGE, S100A8, and S100A9 are released in response to
chondrocyte damage or inflammatory processes and have the greatest catabolic effect mediating
the cartilage damage and progression of cartilage degeneration [26-28, 125]. Aging associated
AGEs and free HMGB-1 bind to RAGE and enhance the secretion of pro-inflammatory
cytokines. This continuous and chronic inflammatory environment in the joint and may act as a
trigger for arthritis [15]. The significant differential expression of HMGB-1 and RAGE in knee
74

and hip joint in our study suggests the increased amount of inflammation in the knee joint could
be a facilitating factor for rapid progression and higher prevalence of knee OA [11]. The
increased HMGB-1 and RAGE in OA of the knee joint and its relevance with inflammation
associated with the two DAMPs acts in accordance with the previous studies suggesting the role
of HMGB-1 and RAGE in chronic inflammation and the role of chronic inflammation in the
development of OA [4, 11, 15, 163, 174]. The role of HMGB-1 and RAGE in the pathogenesis
of OA is also supported by the significantly increased protein and gene expression of HMGB-1
and RAGE in the human osteoarthritic chondrocytes (HCOA) compared to normal human
articular chondrocytes (NHAC) as found in our study.
The RAGE-S100 binding contributes to chronic inflammation [16, 175-176]. S100
calgranulins (calcium binding proteins) have a known role in inflammation and inflammatory
arthritis [177-178]. The expression of S100 proteins in the osteoarthritic knee and hip joint in our
study suggest the role of alarmins in the pathogenesis of OA and the presence of inflammation in
the cartilage tissue. Higher expression of S100A8 and S100A9 in the knee joint compared to hip
joint could also suggest greater inflammation in the knee joint. The role of S100A8 and S100A9
in OA is further supported by the significantly increased protein and gene expression of S100A8
and S100A9 in HCOA compared to NHAC. Further, increased levels of extracellular alarmins
are associated with the release of pro-inflammatory cytokines including IL-6, IL-8, and IL-1β,
which recruit macrophages to the local area, thereby increasing the inflammation [28].
Attenuation of artificially induced OA in mice after removing the activated macrophages
suggests the therapeutic potential of removal of inflammatory stimuli in attenuating the
progression of OA and indicative of the role of inflammation in OA pathogenesis [28].
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RAGE is a receptor not only for AGEs but also for S100 proteins and RAGE-S100
binding contributes to chronic inflammation [16, 176]. The greater levels of S100A8 and
S100A9 in the knee joint compared to hip joint cartilage could also suggest greater inflammation
in the knee joint. Increased levels of extracellular alarmins stimulate the release of IL-6, IL-8,
and IL-1β, which recruit macrophages to the local area thereby increasing the inflammation. In
our study, we also found higher immunopositivity and gene expression of S100A8 and S100A9
in knee and hip joint compared to the fat tissue suggesting the role of mechanical stress in the
secretion of these alarmins. The decreased expression of DAMPs in fat tissue observed in our
study and increased levels of macrophage and other inflammatory mediators in previous studies
suggest that fat tissue around the knee and hip joint plays a systemic role in increasing the
inflammation. Since activated macrophages signify inflammation, and fat is not load-bearing,
these findings support the theory that DAMP expression increases more from mechanical stress
than systemic inflammation [4, 28]. The significantly increased immunoreactivity of S100A8
and S100A9, gene expression of S100A8, and increased gene expression of S100A9 in OA knee
cartilage compared to OA hip joint cartilage suggests that mechanical stress could have the
differential effect on the release of these alarmins and the pathogenesis of OA. Zreigat et al. [28]
reported that removing activated macrophages from the synovium of artificially induced OA in
mice halted the osteoarthritis. This process suggested that the presence of activated macrophages
in the joint is vital to the progression of osteoarthritis. It was also suggested that mechanical
stress, rather than systemic environment or factors play a vital role in the release of alarmins
[28].
Since S100 proteins recruit macrophage and increase inflammation, the presence of
macrophage in degenerating cartilage in our previous study [4], and higher levels of S100A8 and
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S100A9 in knee joint compared to the hip joint is indicative of higher inflammation in knee
compared to the hip joint. Further, obesity is a risk factor for OA, the association of mechanical
stress with the increased released of alarmins rather than systemic environment or factors, and
high BMI of patients in our study (average BMI= 35.2, average BMI in patients with hip
replacement=33.9, and average BMI in patients with total knee replacement=36.5) links release
of alarmins, inflammation and OA [28, 179]. The significantly increased immunoreactivity of
S100A8 and S100A9, gene expression of S100A8, and increased gene expression of S100A9 in
OA knee cartilage compared to OA hip joint cartilage suggest that mechanical stress could have
the differential effect on the release of these alarmins and the pathogenesis of OA. Higher
immunopositivity and gene expression of S100A8 and S100A9 in the knee and hip joint
compared to the fat tissue observed in this study suggests the role of mechanical stress and
cellular damage in the secretion of these alarmins [180].
The association between the increased mechanical stress and increased level of DAMPs
has been observed in OA of the knee [159]. An increase in weight and/or change in the gait
results in increased mechanical stress, shearing stress, and compression on the knee joint. Knee
adduction in the gait has been associated with greater femoral cartilage changes, while abduction
of the knee has been associated with greater changes in tibial cartilage [82]. Obesity increases
compression forces due to increased body mass and increases shearing forces by affecting gait.
The increased body mass without an increase in muscular strength forces the body to compensate
and shifts the loading location within the joint and changes shearing forces. The hip joint, while
affected by an increase in body weight, is more resistant to cartilage degradation than the knee
joint [81]. Thus, the weight bearing capacity of the knee and hip joint could affect the
pathogenesis of OA by regulating the secretion of the mediators of inflammation and cartilage
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damage (HMGB-1, RAGE, S100A8, and S100A9). The hip is more effective at bearing weight
than the knee, so compression forces are less of a contributing factor to cartilage degradation and
release of DAMPs. The significantly increased expression of HMGB-1, RAGE, S100A8, and
S100A9 in OA of the knee joint compared to OA of the hip joint observed in this study supports
the association between differential weight bearing capacity and release of DAMPs.
Inflammation is not a causative factor in OA but increased local inflammation acts in
accordance with DAMPs to contribute to the disease process [164-165, 168]. The significantly
increased expression of DAMPs in OA knee joint compared to OA hip joint in this study appears
to be due to an increased mechanical load on the knee and hip joint due to obesity (average
BMI= 35.2, average BMI in patients with hip replacement=33.89, and average BMI in patients
with total knee replacement=33.89), leading to increased release of DAMPs in the knee and hip
joint. The hip joint’s increased capacity to bear weight compared to the knee joint may contribute
to a lesser prevalence of hip OA. This contrasts with the greater cartilage degradation, local
inflammation, and higher prevalence of OA in the knee joint. However, further studies are
needed to investigate the role of weight bearing in the pathogenesis and development of OA and
its association with DAMPs release and inflammation in knee and hip joint.
The prevalence of OA increases with age and increasing age is the most important risk
factor for the development of OA [181]. The normal aging process increases AGEs, and their
accumulation may have an implication in the pathogenesis of OA. Accumulation of AGEs and
their association with their receptor RAGE increases the inflammation through increased
secretion of inflammatory cytokines that may contribute to cartilage degeneration [182]. In this
study, we found significantly increased RAGE immunoreactivity and mRNA expression in knee
joint compared to the hip joint. The results also revealed that the greatest DAMP expressed for
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the both the knee and hip joints was RAGE, and this could be due to the age of the patients. The
average age of the patients in this study was 68 years (Average age for patients with hip
replacement= 70 years and knee replacement=65 years), which would correlate with an increase
in RAGE, as older patients are more likely to have increased AGEs in cartilage [14]. As shown
in Table 1, out of the five hip joints examined, three were obese, one overweight, and one of
normal weight patient. Out of five knee joints, four were obese and one was of normal weight
according to BMI indices. It is noteworthy that the three patients who were not obese were the
oldest, suggesting the crucial role of increasing age in the development of OA in those joints.
Similarly, the patient with the greatest BMI had osteoarthritis of the knee and was the youngest.
This further supports the hypothesis that mechanical loads play the biggest difference in the
development of OA in the knee. The majority of joints examined in this study were knee and hip
joints from females and only one hip and knee joint were from the male patient. This suggests
that the sex of the patient may be a factor affecting the development of the OA, with a higher
prevalence of female sex [183]. The confounding factors such as the distribution of body fat,
current medications, and history of trauma were unknown for all patients and could have
impacted the results of the study.
Minimal or no expression of DAMPs in the fat tissue from the OA knee and hip joint in
our study and increased levels of macrophage and other mediators of inflammation documented
in previous studies suggest that fat tissue around the knee and hip joint may play a systemic role
in increasing the inflammation [4]. Since macrophages play a significant role in the pathogenesis
of OA and activated macrophages signify inflammation, and fat is not load-bearing, these
findings support the theory that DAMP expression increases more from mechanical stress than
systemic inflammation [4, 28, 73, 83]. The association between the increased mechanical stress,
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increased level of DAMPs and cartilage loss has been documented [82, 159]. Obesity, a risk
factor for OA, increases compression forces due to increased body mass and increases shear
forces by affecting gait. The hip joint, while affected by an increase in body weight, is more
resistant to cartilage degradation than the knee joint [81]. Thus, obesity may affect the
pathogenesis of OA through increasing the inflammation and shear stress. The different weight
bearing capacity of the knee and hip joint could also affect the pathogenesis of OA by regulating
the secretion of mediators due to cartilage damage and inflammation (HMGB-1, RAGE,
S100A8, and S100A9). The hip is more effective at bearing weight than the knee, so
compression forces are less of a contributing factor to cartilage degradation and release of
DAMPs. The greater relationship between obese patients with OA of the knee than the OA of the
hip and increased stress on the knee joint than hip joint may lead to more mechanical damage in
knee joint compared the hip joint [81]. The significantly increased expression of HMGB-1,
RAGE, S100A8, and S100A9 in OA knee joint compared to OA hip joint observed in this study
supports the association between differential weight bearing capacity and release of DAMPs.
Although, inflammation as a direct causative factor in the pathogenesis of OA has not
been proved, increased local inflammation acts in accordance with increased DAMPs to
contribute to the disease process [164-165, 168]. The significantly increased expression of
DAMPs in OA knee and hip joint in this study appears to be due to an increased mechanical load
on the knee and hip joint. Interestingly, the patient with the greatest BMI had osteoarthritis of the
knee and was the youngest. Further, higher BMI of the patients and increased expression of
DAMPs signifies the presence of local and systemic inflammation and its role in the
pathogenesis of OA. The majority of joints examined in this study were knee and hip joints from
females and only one hip and knee joint were from the male patient. This suggests that the sex of
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the patient may be a factor affecting the development of the OA, with a higher prevalence of
female sex [183].
4.8 Conclusion
The findings of our study signify that DAMPs play a significant role and make the
difference in the pathogenesis of knee and hip joint OA. Further, inflammation, obesity,
mechanical and shear stress and aging collectively affect the joint homeostasis. Since, DAMPs
(HMGB-1, RAGE, S100 proteins) play a crucial role in OA pathogenesis; they may act as
potential novel targets for decreasing the inflammation in the joint, attenuating the progression,
and treatment of OA [184-185]. Further, HMGB-1 has been suggested as a target for chronic
inflammation to modulate the immunity [26, 186]. Higher expression of HMGB-1 in the knee
joint in our study suggests that HMGB-1 could be a potential therapeutic target. Similarly, the
reduction of the severity of AGEs-induced arthritis with pioglitazone by decreasing the AGEs,
and antioxidant action of polyphenols via anti-glycation and MMP inhibition to decrease
inflammation has been discussed [182]. The findings of our study and previous studies suggest
that DAMPs may be the potential therapeutic targets for decreasing the inflammation in the joint,
progression of cartilage damage, and for the treatment of OA. Since the secretion of DAMPs
including HMGB-1, RAGE, S100A8, and S100A9 is associated with increased secretion of proinflammatory cytokines such as IL-33, IL-6, IL-1β, and TNF-α, the further studies to elucidate
the effect of DAMPs on the secretion of these cytokines and effect of these cytokines on
cartilage degeneration are warranted.
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4.9 Limitations of the study
The limited number of patient is a major limitation of this study. The confounding factors
such as the distribution of body fat, current medications, current medical status, and history of
trauma were unknown for all patients and could have impacted the results of the study. Despite
these limitations, our study strongly highlights the potential role of DAMPs in OA pathogenesis
and the differential pathogenesis in knee and hip joint.
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Original Article 2
Potential Role of Blocking IL-33/ST2 receptor in Attenuating Inflammation in
Osteoarthritis
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5.1 Abstract
Objective: The objective of this study was to investigate the role of interleukin (IL)-33 and IL37 in osteoarthritis and to elucidate the effect of blocking IL-33 on inflammation.
Material and Methods: Cartilage and fat tissues were collected anonymously from patients
undergoing total knee (n=24) or hip (n=5) joint replacement due to osteoarthritis. Normal and
osteoarthritic human chondrocyte cells for culture studies were bought from “Lonza” and “Cell
Applications Inc.”. Immunofluorescence staining, RT-PCR, and in-vitro stimulation and
blocking studies were performed on paraffin-embedded tissue sections and normal and
osteoarthritic chondrocytes to analyze the effect of increased DAMPs and its effect on the release
of IL-33 and the role of IL-33 and IL-37 in osteoarthritis.
Results: DAMPs are associated with increased expression of IL-33 and may mediate
inflammation by increasing the secretion of various pro-inflammatory cytokines, recruitment of
inflammatory cells, and activating the matrix metalloproteinases (MMPs) in cartilage. This may
have a detrimental effect on chondrocytes. The IL-33 receptor blocking resulted in decreased
expression of pro-inflammatory cytokines and MMPs.
Conclusion: Blocking IL-33 downstream signaling may be a potential therapeutic strategy for
decreasing the inflammation in cartilage and progression of cartilage degeneration.
Keywords: Osteoarthritis, Inflammation, Damage Associated Molecular Patterns, Interleukin33, Interleukin-37, Toll-like receptors, Matrix metalloproteinases.
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5.2 Introduction
Osteoarthritis is a wear and tear disease of the articular cartilage characterized by the
limited range of motion, joint pain, tenderness, stiffness, crepitus, effusion, and joint
inflammation [1]. Inflammation plays a key role in the pathogenesis of OA involving the entire
joint and not only the cartilage or synovium [4]. Inflammation within the joint may be associated
with the release of damage associated molecular patterns (DAMPs) such as high mobility group
box-1 (HMGB-1) and advanced glycation end products (AGEs) due to damaged chondrocytes
within the cartilage [124, 187-189]. Further, the interaction between DAMPs and toll-like
receptors (TLRs) initiates inflammation and increased secretion of pro-inflammatory cytokines
including tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, IL-33 [6, 128]. Studies have
reported the role of pro-inflammatory cytokines including IL-6, TNF-α, IL-17, and IL-1β in the
pathogenesis of synovitis, rheumatoid arthritis and osteoarthritis [6, 190]. However, the role of
IL-33 in the pathogenesis of OA is unknown.
Interleukin-33 (IL-33), a recently identified cytokine, is a ligand for IL-1 family receptor
T1/ST2 (ST2L) and mediates its biological effects through activation of NF-κB [191]. IL-33
exhibits a pro-inflammatory potential by inducing the production of inflammatory mediators and
the stimulatory effect on cytokines and chemokines [192]. IL-33 is secreted upon cell death, cell
necrosis or apoptosis, or under stress and mechanical injury [193]. IL-33 mediates the production
of pro-inflammatory cytokines through activation of TLR-2 and TLR-4 in a MyD88 dependent
manner, and activated TLRs mediates induction of IL-33. IL-33 also enhances LPS induced
production of pro-inflammatory cytokines suggesting a synergistic effect [194-195]. DAMPs
increase the secretion of IL-33 and activate TLRs initiating a MyD88 dependent inflammatory
cascade signaling through NF-κB [128, 191, 196]. Further, the role of DAMPs and TLRs in
85

arthritis, synthesis of pro-inflammatory cytokines, the onset of a vicious inflammatory cycle, and
the role of dampening DAMPs to reduce inflammation has been discussed [161, 197], however,
the mechanistic aspects and interaction of IL-33, DAMPs, and TLRs is not well studied.
Furthermore, dampening inflammation to decrease the progression of OA [4] suggests that
targeting inflammatory mediators to decrease the inflammation might be a novel therapeutic
strategy [198-199]. The elevated levels of anti-inflammatory cytokine IL-37 in rheumatoid
arthritis and its use in controlling the inflammation have been discussed [200-201].
IL-37, a newly described member of the IL-1 family, is an anti-inflammatory cytokine
which is secreted in response to inflammation and attenuates the inflammation by decreasing the
secretion of pro-inflammatory cytokines [202]. Further, elevated levels of IL-37 in RA, OA, and
synovitis and suppressed production of pro-inflammatory cytokines by recombinant IL-37 in RA
suggests that IL-37 can decrease the ongoing inflammation in the joint [200]. Downregulation of
inflammatory pathways including TLRs and secretion of pro-inflammatory cytokines with IL-37
[203-204] suggests that IL-37 may be therapeutically used in OA because activation of TLRs is
involved in the pathogenesis of OA. Further, activated TLRs has been associated with increased
secretion of IL-33, activation of MMPs, and enhanced secretion of pro-inflammatory cytokines
[194-195, 205].
As mentioned earlier, increased secretion of IL-33 and activation of TLRs and MMPs are
involved in cartilage degeneration and pathogenesis of OA and inhibition of TLRs with IL-37
suggest the therapeutic role of IL-37 in OA [194-195, 203-205]. However, the relationship
between IL-33, TLRs, pro-inflammatory cytokines, and MMPs and the effect of IL-37 on these
in chondrocytes has not been discussed. In this study, we hypothesized that increased levels of
IL-37 and blocking the receptor for IL-33 may attenuate the activation of TLRs, levels of IL-33,
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pro-inflammatory cytokines, and MMPs and thereby the progression of cartilage damage by
decreasing the inflammation (Figure 5.1).

Figure 5.1: Schematic representation of the working hypothesis. Increased secretion of IL-33
due to damage associated molecular patterns (DAMPs) secreted from initial cartilage loss results
in the activation of toll-like receptors leading to downstream signaling through cytoplasmic
protein kinases. This results in increased transcription of nuclear factor-kappa beta (NF-kB)
leading to secretion of pro-inflammatory cytokines including interleukin (IL)-6, IL-1β, tumor
necrosis factor (TNF)-α, and IL-33. Increased pro-inflammatory cytokines activate matrix
metalloproteinases (MMPs) and enhance recruitment of macrophages (M1). Increased
macrophages and pro-inflammatory cytokines increase inflammation and more secretion of
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DAMPs. The vicious cycle of secretion of DAMPs, pro-inflammatory cytokines, and matrix
metalloproteinases and macrophage recruitment leads to enhanced cartilage degeneration and
progression of osteoarthritis. Inflammation in the joint enhances the secretion of IL-37 to
attenuate the detrimental effect of IL-33 and inflammation. AMPK-5' AMP-activated protein
kinase, AP1- Activator protein 1, M- macrophage, MAPK-Mitogen-activated protein kinases,
MyD88-Myeloid differentiation primary response gene 88, STAT3-Signal transducer and
activator of transcription 3.
5.3 Material and Methods
5.3.1 Patient selection: Tissues from patients undergoing total knee or hip replacement at
Creighton University Medical Center (CUMC) and Immanuel Medical Center were collected
anonymously. The research protocol for this prospective study was approved under exempted
category by the Institutional Review Board of Creighton University. A total of 24 knee joint
replacement tissues and 5 hip replacement tissues were collected anonymously after surgery.
Tissues were provided with demographic variables including BMI, age, sex and race in an
anonymous manner by the nurse not taking part in the study. The average values (minimum
value-maximum value) for age and body mass index were 62.25 years (26yrs-78 years) and 36.9
(15-69.48) for knee joint and 70.8 years (60yrs-94yrs) and 33.88 (23.68-41.5) for hip joint.
5.3.2 Tissue acquisition and processing: Postoperatively, the knee and hip joint tissues were
collected and transported to the lab in the University of Wisconsin (UW) solution and maintained
at 4oC. Articular cartilage tissues from the medial and lateral tibial condyles and femoral head
near the area of cartilage loss and fat tissue attached to the surgical specimens were collected and
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fixed in 4% formalin. Cartilage tissues were also used to prepare the RNA and cDNA and
remaining tissues were stored at -80C.
5.3.3 Preparation and staining of specimen: Formalin fixed tissues were transversely sectioned
at 2mm after 24 hrs followed by processing in Sakura Tissue Tek VIP Tissue Processor and
paraffin embedding. Microtome (Leica, Germany) was used for thin sectioning (5μm) of the
paraffin fixed tissues and the cut sections were placed on glass slides for hematoxylin and eosin
and immunofluorescence staining.
5.3.4 Hematoxylin and Eosin staining of specimen: Articular cartilage and fat tissues were
stained with hematoxylin and eosin (H&E) following manufacturer’s standard protocol
(Newcomer/supply). Stained tissues were scanned at 20 X using Olympus inverted microscope
(Olympus BX51) with the scale bar of 200μm. All the slides and scanned images were reviewed
by two independent observers in an anonymous manner.
5.3.5 Immunofluorescence (IF) study: Paraffin fixed section (cartilage and fat) underwent
deparaffinization, rehydration, and antigen retrieval prior to immunofluorescence as per the
standard protocol in our laboratory. Briefly, slides were washed with PBS, blocked with 5%
blocking buffer and incubated with rabbit anti-IL33 (sc-98659), goat anti-TLR2 (sc-8690), rabbit
anti-TLR4 (sc-10741), mouse anti-MyD88 (sc-136970), goat anti-IL-6 (sc-1265), goat antiTNFα (sc-1348), rabbit anti-NF-κB (sc-372), mouse anti-MMP2 (sc-13595), goat anti-MMP9
(sc-6840), goat anti-collagen II (sc-389924), and goat anti-sox-9 (sc-17340) in 1:50 dilution;
rabbit anti-RAGE (ab37647), rabbit anti-HMGB1 (ab191583), anti-chitinase-3 (ab93034), rabbit
anti-IL37 (ab153889) and rabbit anti-phospho NF-κB (ab131109) in 1;200 dilution, and rabbit
anti-ST2 (Millipore 06-1116) in 1:100 dilution primary antibodies overnight at 4C. Alexa Fluor
594 (red) and Alexa Fluor 488 (green) conjugated secondary antibodies (Invitrogen, Grand
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Island, NY, USA) at 1:500 dilutions were used. The slides were counterstained with DAPI (4, 6diamidino-2-phenylindole) to stain the nuclei. Negative controls were stained with isotypes as
primary antibody and using only primary antibodies without secondary antibody. Images were
scanned at 20X with an Olympus inverted fluorescent microscope (Olympus BX51).
Fluorescence intensities for IL-33, IL-37, TLR-2, and TLR-4 in three separate random images of
cartilage and fat tissues were measured in the stained slides using Image-J software and mean
fluorescence intensity (MFI) was calculated. All values have been represented as mean ± SD. A
value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered
statistically significant.
5.3.6 RNA isolation, cDNA synthesis, and real-time PCR: Total RNA using TRI reagent
(Trizol reagent, Sigma, St Louis, MO, USA) was isolated from post-surgically articular cartilage
tissues obtained from knee and hip joints according to the manufacturer’s instructions. The RNA
obtained was quantified using Nanodrop (Thermo Scientific, Rockford, IL, USA) and cDNA was
synthesized using Improm II reverse transcription kit (Promega, Madison, WI, USA). The realtime PCR (RT-PCR) was performed in triplicate using SYBR Green Master Mix using Real-time
PCR system (CFX96, BioRad Laboratories, and Hercules, CA, USA). The primers for different
genes (Table 5.1) were obtained from Integrated DNA Technologies (Coralville, IA, USA). The
conditions for PCR cycling were as follows: initial denaturation at 950C for 5 min, 40 cycles of
30s at 950C, 30s at 55-600C according to the primer annealing temperatures and 30s at 720C
followed by melting curve analysis. Fold expression of mRNA transcripts relative to controls
was determined after normalization to GAPDH. All values have been represented as mean ± SD.
A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered
statistically significant.
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Table 5.1: Forward and reverse primer sequence of the gene of interest used in RT-PCR
analysis.
Gene of

Forward primer

Reverse primer

HMGB-

5’-AAG CAC CCA GAT GCT TCA

5’- TCC GCT TTT GCC ATA TCT TC-

1

GT-3’

3’

IL-33

5’- AAG CAC CCA GAT GCT TCA

5’- TCC GCT TTT GCC ATA TCT TC -

GT-3’

3’

5’- CCT GCA GGG ACT CTT AGC

5’- CTC CGA CTG CAG TGT GAA GA

TG -3’

-3’

5’-ATA GGA CTG GAG ATG TCT

5’-GCT TGT GGA GAA GGA GTT

GAG G-3’

CAT AG-3’

5’-TGATGGTGTCTGCTGGAAAG-

5’-

3’

CTACAGGACAGAGGGACTAGAG-3’

5’-ACAAGCTCTTCGGCTTCTG -3’

5’-GGTACAGGTCGAGTACTCCTTA-

interest

IL-37

IL-6

MMP-2

MMP-9

3’
NF-κB

RAGE

TLR-2

TLR-4

TNF-α

5’-GAC TAC GAC CTG AAT GCT

5’-GTC AAA GAT GGG ATG AGG

GTG-3’

AAG G-3’

5’- CCT GCA GGG ACT CTT AGC

5’- CTC CGA CTG CAG TGT GAA

TG-3’

GA-3’

5’-CTG GAG AAA GCC TTG AAC

5’-GAC ACT CGG TCT CTA GCA

TCT AT-3’

ATT T-3’

5’-TCA AAG AGC TGG TGC GAA

5’-CAG CTG CTT GTC TGC ATT TG -

A -3’

3’

5’-ACC CTC AAC CTC TTC TGG

5’-AAT CCC AGG TTT CGA AGT

CTC AA-3’

GGT GGT-3’

GAPDH 5’- GGT GAA GGT CGG AGT CAA
CGG ATT TGG TCG -3’

5’- GGA TCT CGC TCC TGG AAG
ATG GTG ATG GG -3’

91

5.3.7 Cell culture and immunofluorescence studies: Normal Human Articular Chondrocytes
(NHAC) cells (HC1824, Lonza, Walkersville, MD), and Osteoarthritic Human Chondrocytes
(HC-OA, 402OA-05a, Cell Applications Inc. San Diego, CA) were cultured in the complete
chondrocyte basal media (CC-3217, 10% FBS+1% penicillin-streptomycin) and chondrocyte
growth medium (411-500, Cell Application) respectively in a T25 flask in humidified 5% CO2
incubator at 37oC. Second or third passages of NHAC and HCOA cells were used for all
experiments.
NHAC and HCOA cells were cultured in a T25 flask and at 80% confluence; about thirty
thousand cells were plated in each chamber of the chamber slides. At 50-60% pre-confluence,
cells were fixed using 5% formalin for 10 minutes and washed with PBS (3x 5minutes). Further,
cells were treated with 0.1% Triton for 15 minutes and then washed with PBS (3x 5minutes).
Cells were incubated with IL-33/ST2, IL-37, TLR-2/MyD88, TLR-4/MyD88, IL-6, TNF-α, NFκB, phospho- NF-κB, MMP-2, and MMP-9 primary antibodies overnight at 4oC. Dual
immunofluorescence for TLR-2 and TLR-4 with RAGE and HMGB-2 and RAGE with HMGB-1
was also performed as per the standard protocol in our laboratory. Alexa Fluor 594 and Alexa
Fluor 488 were used as secondary antibodies in 1:1000 dilutions. DAPI was used to counterstain
the nuclei. Stained slides were scanned at 20X with an Olympus inverted fluorescent microscope
(Olympus BX51) with a scale of 200μm. Fluorescence intensities for IL-33, IL-37, TLR-2, and
TLR-4 in three separate random images of cartilage and fat tissues were measured in the stained
slides using Image-J software and mean fluorescence intensity (MFI) was calculated. All values
have been represented as mean ± SD. A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and
****p<0.0001) was considered statistically significant.
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5.3.8 Stimulation and inhibition studies: To study the effect of IL-33, IL-37; rHMGB-1, and
LPS on various inflammatory markers and mediators of cartilage damage, NHAC cells were
cultured in a T-75 flask and approximately 200,000 cells were plated in 6-well plates. After 8090% confluence, cells were treated with recombinant human IL-33 cytokine (25ng/ml),
recombinant human IL-37 cytokine (25ng/ml), recombinant human HMGB-1 (500ng/ml) and
LPS (100ng/ml). After the treatment fold change in mRNA expression compared to control for
IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9 was analyzed. In
another experiment, NHAC cells were stimulated with recombinant human IL-33 cytokine
(25ng/ml), recombinant human HMGB-1 (500ng/ml) and LPS (100ng/ml) followed by treatment
with recombinant human IL-37 cytokine (25ng/ml) at the same time and after 24 hours. Total
RNA was extracted, cDNA was prepared and subjected to RT-PCR for the mRNA expression of
IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9 was analyzed
compared to control after standardizing with GAPDH. All values have been represented as mean
± SD. A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered
statistically significant.
5.3.9 Blocking experiments to analyze the effect of blocking IL-33/ST2 receptor: To study
the effect of interleukin-33 on various genes after blocking the IL-33/ST2 receptor, NHAC cells
were cultured in a T-75 flask and then approximately 200,000 cells were plated in 6-well plate.
After 80-90% confluence, cells were treated with ST2 blocking antibody and with recombinant
human IL-33 cytokine (25ng/ml) along with matched control. In another experiment, NHAC
cells were first treated with ST2 blocking antibody for 1 hour followed by the treatment with
recombinant human IL-33 cytokine (25ng/ml). RT-PCR for the mRNA expression of IL-33,
TLR-2, TLR-4, IL-6, TNF-α, NF-κB, RAGE, HMGB-1, MMP-2, and MMP-9 after blocking the
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receptor for IL-33 was carried out and the results were analyzed compared to control after
standardizing with GAPDH. All values have been represented as mean ± SD. A value of p<0.05
(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant.
5.3.10 Statistical analysis: Data are presented as mean ± SD (N=3). Data was analyzed by oneway ANOVA (SPSS) and t-test for significance. A value of p<0.05 (*p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001) was considered statistically significant.
5.4 Results
5.4.1 Immunopositivity for chondrocyte markers in the postsurgical cartilage tissue,
normal human articular chondrocytes (NHAC), and human chondrocyte osteoarthritic
(HCOA) cells: Immunofluorescence studies of the collected tissues from the medial and lateral
tibial condyles (Figure 5.2), and NHAC and HCOA (Figure 5.3) cells showed immunopositivity
for chondrocyte markers such as collagen II (Figure 5.2A, 5.3A, 5.3D), chitinase-3 (Figure 5.2D,
5.3G, 5.3J), and Sox-9 (Figure 5.2G, 5.3M, 5.3P) suggesting the presence of chondrocyte in the
post-surgical specimen and tissue specificity as cartilage.
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Figure 5.2: Immunofluorescence for chondrocyte markers collagen II, Sox-9, and chitinase3 in osteoarthritic knee and hip joint cartilage. Collagen II (Panel A), chitinase-3 (Panel D),
Sox-9 (Panel G), DAPI (Panels B, E, and H), and merged (Panels C, F, and I)
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Figure 5.3: Immunofluorescence for chondrocyte markers collagen II, Sox-9, and chitinase3 in NHAC and HCOA. Collagen II (Panels A and D), Sox-9 (Panels G and J), chitinase-3
(Panels M and P), DAPI (Panels B, E, H, K, N and Q), and merged (Panels C, F, I, L, O and R);
NHAC- normal human articular chondrocytes, HCOA-human chondrocytes osteoarthritic
5.4.2

Increased

expression

of

interleukin-33,

toll-like

receptors

and

matrix

metalloproteinases in osteoarthritic knee joint cartilage: RT-PCR analysis showed
significantly increased mRNA expression of IL-33, TLR-2, TLR-4, NF-κB, MMP-2, and MMP9 in OA knee joint cartilage compared to hip joint cartilage (Figure 5.4). The mRNA expression
of IL-37, IL-6, and TNF-α was also found to be increased in knee joint cartilage. These findings
were further supported by the increased immunopositivity of IL-33 and IL-37 (Figure 5.5), TLR2 and TLR-4 (Figure 5.6), IL-6, and TNF-α, (Figure 5.7), NF-κB and pNF-κB (Figure 5.8),
MMP-2 and MMP-9 (Figure 5.9) and significantly increased MFI of IL-33, IL-37, and TLR-2 in
OA knee joint cartilage compared to hip joint cartilage (Figures 5.5 and 5.6). There was no
immunoreactivity for IL-33 and IL-37 in knee and hip joint fat tissues (Figure 5.10) and the
immunopositivity of TLR-2 and TLR-4 was more in knee joint compared to hip joint fat tissue
(Figure 5.11).
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Figure 5.4: RT-PCR for the mRNA expression of various genes in the osteoarthritic knee
and hip joint cartilage. IL6–interleukin 6, IL33–interleukin 33, IL37–interleukin 37, MMP2matrix metalloproteinases 2, MMP9- matrix metalloproteinases 2, NF-kB- nuclear factor kappa
beta, TLR2-toll-like receptor 2, TLR4- toll-like receptor 4. All values have been represented as
mean ± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was
considered statistically significant.
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Figure 5.5: Immunofluorescence staining and mean fluorescence intensity for IL-33 and
IL-37 in the osteoarthritic human knee and hip joint cartilage. IL-33 (Panels A and G), IL37 (Panels D and J), DAPI (Panels B, E, H, and K), merged images (Panels C, F, I, and L), and
mean fluorescence intensity for IL-33 and IL-37 in knee and hip joint cartilage (Panel M). These
are the represented images of all samples included in the study. All values have been represented
as mean ± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001)
was considered statistically significant. DAPI-4, 6-diamidino-2-phenylindole, IL33- interleukin
33, IL37-interleukin 37
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Figure 5.6: Immunofluorescence staining and mean fluorescence intensity for TLR-2 and
TLR-4 in the osteoarthritic human knee and hip joint cartilage. TLR-2 (Panels A and I),
TLR-4 (Panels E and M), MyD88 (Panels B, F, J, and N), DAPI (Panels C, G, K, and O), merged
images (Panels D, H, L, and P), and mean fluorescence intensity for TLR-2 and TLR-4 in knee
and hip joint cartilage (Panel Q). These are the represented images of all samples included in the
study. All values have been represented as mean ± SD (N=3). A value of p<0.05 (*p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant. DAPI -4, 6diamidino-2-phenylindole, MyD88- myeloid differentiation primary response gene 88, TLR2toll like receptor 2, TLR4- toll like receptor 4
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Figure 5.7: Immunofluorescence for IL-6 and TNF-α in the osteoarthritic human knee and
hip joint cartilage. IL-6 (Panels A and G), TNFα (Panels D and J), DAPI (Panels B, E, H, and
K), and merged images (Panels C, F, I, and L). DAPI- 4, 6-diamidino-2-phenylindole, OAosteoarthritis, IL6-interleukin 6, TNFα- tumor necrosis factor alpha. These are the representative
images from all patients included in this study (N=3).
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Figure 5.8: Immunofluorescence for NF-κB and phospho NF-κB in human osteosrthritic
knee and hip joint cartilage. P50 NF-κB (Panel A), p65 NF-κB (Panel D), phospho (p)-pNF-κB
(Panel G), DAPI (Panels B, E, and H), and merged images (Panels C, F, and I). DAPI- 4, 6diamidino-2-phenylindole, NF-κB- nuclear factor kappa beta, OA-osteoarthritis. These are the
representative images from all patients included in this study (N=3).
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Figure

Figure 5.9: Immunofluorescence staining for MMP-2 and MMP-9 in the osteoarthritic
human knee and hip joint cartilage and fat. MMP2 (Panels A, G, and M), MMP9 (Panels D,
J, and P), DAPI (panels B, E, H, K, N, and Q), merged images (Panels C, F, I, L, O, and R).
DAPI- 4, 6-diamidino-2-phenylindole, MMP-matrix metalloproteinases. These are the
representative images from all patients included in this study (N=3).

Figure 5.10: Immunofluorescence staining for IL-33 and IL-37 in the osteoarthritic human
knee and hip joint fat tissue. IL-33 (Panels A and G), IL-37 (Panels D and J), DAPI (Panels B,
E, H, and K), and merged images (Panels C, F, I, and L). These are the represented images of all
samples included in the study. DAPI -4, 6-diamidino-2-phenylindole, IL33- interleukin 33, IL37interleukin 37
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Figure 5.11: Immunofluorescence staining and mean fluorescence intensity for TLR-2 and
TLR-4 in the osteoarthritic human knee and hip joint fat tissue. TLR-2 (Panels A and I),
TLR-4 (Panels E and M), MyD88 (Panels B, F, J, and N), DAPI (Panels C, G, K, and O), merged
images (Panels D, H, L, and P), and mean fluorescence intensity for TLR-2 and TLR-4 in knee
and hip joint fat (Panel Q). These are the represented images of all samples included in the study.
All values have been represented as mean ± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001) was considered statistically significant. DAPI -4, 6-diamidino2-phenylindole, MyD88- myeloid differentiation primary response gene 88, TLR2- toll like
receptor 2, TLR4- toll like receptor 4
5.4.3 Increased expression of interleukin-33, interleukin-37, toll-like receptors and matrix
metalloproteinases in human osteoarthritic articular chondrocytes: RT-PCR analysis of the
cDNA synthesized from the cultured NHAC and HCOA cells showed significantly increased
mRNA expression of IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9
in NHAC compared to HCOA cells (Figure 5.12). Further, increased immunoreactivity of IL-37,
TLR-2, and TLR-4 in HCOA cells compared to NHAC cells supports the result of RT-PCR.
Immunofluorescence also revealed that immunopositivity for IL-33 in NHAC and HCOA was
nuclear only, whereas the immunopositivity for IL-37, TLR-2, and TLR-4 was nuclear as well as
cytoplasmic. The MFI for IL-37, TLR-2, and TLR-4 was higher in HCOA compared to NHAC
(Figures 5.13 and 5.14). The immunopositivity for IL-6, TNF-α, NF-κB, MMP-2, and MMP-9
was higher in HCOA compared to NHAC (Figures 5.15, 5.16, and 5.17).
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Figure 5.12: RT-PCR for the mRNA expression of various genes in NHAC and HCOA.
HCOA- human chondrocyte osteoarthritis, IL6–interleukin 6, IL33–interleukin 33, IL37–
interleukin 37, MMP2-matrix metalloproteinases 2, MMP9- matrix metalloproteinases 9,
NHAC- normal human articular cartilage, NF-kB- nuclear factor kappa beta, TLR2-toll like
receptor 2, TLR4- toll like receptor 4. All values have been represented as mean ± SD (N=3). A
value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was considered
statistically significant.
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Figure 5.13: Immunofluorescence staining and mean fluorescence intensity for IL-33/ST2
and IL-37 in NHAC and HCOA cells. IL-33 (Panels A and E), ST2 (Panels B and F), IL-37
(Panels I and L), DAPI (Panels C, G, J, and M), merged images (Panels D, H, K, and N), and
mean fluorescence intensity for IL-33 and IL-37 in NHAC and HCOA cells (Panel P). These are
the represented images of three separate experiments. All values have been represented as mean
± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was
considered statistically significant. DAPI -4, 6-diamidino-2-phenylindole, HCOA- human
chondrocyte osteoarthritic, IL33- interleukin 33, IL37- interleukin 37, NHAC- normal human
articular chondrocytes
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Figure 5.14: Immunofluorescence staining and mean fluorescence intensity for TLR-2 and
TLR-4 in NHAC and HCOA. TLR-2 (Panels A and E), TLR-4 (Panels I and M), MyD88
(Panels B, F, J, and N), DAPI (Panels C, G, K, and O), merged images (Panels D, H, L, and P),
and mean fluorescence intensity for TLR-2 and TLR-4 in NHAC and HCOA cells (Panel Q).
These are the represented images of three separate experiments. All values have been represented
as mean ± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001)
was considered statistically significant. DAPI -4, 6-diamidino-2-phenylindole, HCOA- human
chondrocyte osteoarthritic, MyD88- myeloid differentiation primary response gene 88, NHACnormal human articular chondrocytes, TLR2- toll like receptor 2, TLR4- toll like receptor 4.
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Figure 5.15: Immunofluorescence staining for NF-κB and p NF-κB in NHAC and HCOA.
NF-κB (Panels A and D), pNF-κB (Panels G and J), DAPI (Panels B, E, H, and K), merged
images (Panels C, F, I, and L). DAPI -4, 6-diamidino-2-phenylindole, HCOA- human
chondrocytes osteoarthritic, NF-kB- nuclear factor kappa beta, pNF-kB- phospho- nuclear factor
kappa beta, NHAC- normal human articular chondrocytes
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Figure 5.16: Immunofluorescence for IL-6 and TNFα in NHAC and HCOA cells. TNFα
(Panels A and D), IL-6 (Panels G and J), DAPI (Panels B, E, H, and K), and merged images
(Panels C, F, I, and L). DAPI- 4, 6-diamidino-2-phenylindole, HCOA- human chondrocytes
osteoarthritic, IL6-interleukin 6, NHAC- normal human articular chondrocytes, TNFα- tumor
necrosis factor alpha. These are the representative images from three separate experiments
(N=3).
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Figure 5.17: Immunofluorescence for MMP2 and MMP9 in NHAC and HCOA cells.
MMP2 (Panels A and D), MMP9 (Panels G and J), DAPI (Panels B, E, H, and K), and merged
images (Panels C, F, I, and L). DAPI- 4, 6-diamidino-2-phenylindole, HCOA- human
chondrocytes osteoarthritic, MMP- matrix metalloproteinases, NHAC- normal human articular
chondrocytes. These are the representative images from three separate experiments (N=3).
5.4.4 Colocalization of TLR-2, TLR-4, and RAGE with HMGB-1: Dual immunofluorescence
studies for TLR-2, TLR-4, and RAGE with HMGB-1 showed the colocalization of TLR-2 with
HMGB-1, TLR-4 with HMGB-1, and RAGE with HMGB-1. The colocalization of TLRs with
HMGB-1 suggests the role of HMGB-1 in activating TLRs and the downstream signaling
through MyD88. Further, HMGB-1 and RAGE colocalization suggests RAGE as a ligand for
HMGB-1 in cartilage (Figure 5.18).
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Figure 5.18: Immunofluorescence for the colocalization of TLR-2, TLR-4, and RAGE with
HMGB-1: TLR-2 (Panels A and E), TLR-4 (Panels I and M), RAGE (Panels Q and U), HMGB1 (Panels B, F, J, N, R, and V), DAPI (Panels C, G, K, O, S, and W), and merged (Panels D, H,
L, P, T, and X). DAPI -4, 6-diamidino-2-phenylindole, HCOA- human chondrocyte
osteoarthritic, HMGB1- high mobility group box 1, NHAC- normal human articular
chondrocytes, RAGE- receptor for advanced glycation end-products, TLR2- toll like receptor 2,
TLR4- toll like receptor 4
5.4.5 IL-33, recombinant HMGB-1, and LPS enhances the mRNA expression of HMGB-1,
RAGE, toll-like receptors, interleukin-6, tumor-necrosis factor-alpha, and matrix
metalloproteinases: To evaluate the effect of IL-33, rHMGB-1 and LPS on various genes,
cDNA synthesized from NHAC cells treated with IL-33 (25ng/ml), rHMGB-1 (500ng/ml), and
LPS (100ng/ml) for 24 hours was subjected to RT-PCR. RT-PCR analysis showed significantly
increased mRNA expression of HMGB-1, RAGE, TLR-2, TLR-4, IL-6, TNF-α, MMP-2, and
MMP-9 compared to untreated NHAC cells (Figures 5.19, 5.20, and 5.21).
5.4.6 IL-37 attenuates the mRNA expression of HMGB-1, RAGE, toll-like receptors,
interleukin-6, tumor-necrosis factor-alpha, and matrix metalloproteinases: To evaluate the
effect of IL-37 on various genes, cDNA synthesized from NHAC cells treated with IL-37
(25ng/ml) for 24 hours was subjected to RT-PCR. RT-PCR analysis showed significantly
decreased mRNA expression of HMGB-1, RAGE, TLR-2, TLR-4, IL-6, TNF-α, MMP-2, and
MMP-9 compared to untreated NHAC cells (Figures 5.19, 5.20, and 5.21).
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5.4.7 IL-37 attenuates the stimulatory effect of IL-33 on the mRNA expression of HMGB-1,
RAGE, toll-like receptors, interleukin-6, tumor-necrosis factor-alpha, and matrix
metalloproteinases: To evaluate the effect of IL-37 in presence of IL-33 on various genes,
cDNA synthesized from NHAC cells treated with IL-33 (25ng/ml) and IL-37 (50 ng/ml)
simultaneously for 24 hours was subjected to RT-PCR. The results showed significantly
decreased mRNA expression of HMGB-1, RAGE, TLR-2, TLR-4, IL-6, TNF-α, MMP-2, and
MMP-9 compared to untreated NHAC cells. Similarly, the mRNA expression of HMGB-1,
RAGE, TLR-2, TLR-4, IL-6, TNF-α, MMP-2, and MMP-9 was also significantly decreased for
the cells first treated with IL-33 (25ng/ml) for 24 hours followed by treatment with IL-37 (50
ng/ml) for 24 hour as compared to control untreated cells (Figures 5.19, 5.20, and 5.21).
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Figure 5.19: RT-PCR for analyzing the effect of rIL-33, rIL-37, rHMGB-1, and LPS on
various genes of interest: (A) Effect of rIL-33, rIL-37, rHMGB-1, and LPS on TLR-2, (B)
Effect of rIL-33, rIL-37, rHMGB-1, and LPS on TLR-4, (C) Effect of rIL-33, rIL-37, rHMGB-1,
and LPS on NF-κB. C-control; rHMGB-1- recombinant high mobility group box-1; ILinterleukin; NF-κB- nuclear factor kappa beta; LPS-lipopolysaccharides; TLR- toll like
receptors. All values have been represented as mean ± SD (N=3). A value of p<0.05 (*p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant.
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Figure 5.20: RT-PCR for analyzing the effect of rIL-33, rIL-37, rHMGB-1, and LPS on IL6, TNF- α, MMP-2, and MMP-9: (A) Effect of rIL-33, rIL-37, rHMGB-1, and LPS on IL-6,
(B) Effect of rIL-33, rIL-37, rHMGB-1, and LPS on TNF-α, (C) Effect of rIL-33, rIL-37,
rHMGB-1, and LPS on MMP-2, (D) Effect of rIL-33, rIL-37, rHMGB-1, and LPS on MMP-9.
C-control; rHMGB-1- recombinant high mobility group box-1; IL-interleukin; MMP-matrix
metalloproteinases; LPS-lipopolysaccharides; TNFα- tumor necrosis factor alpha. All values
have been represented as mean ± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001) was considered statistically significant.
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Figure 5.21: RT-PCR for analyzing the effect of rIL-33, rIL-37, rHMGB-1, and LPS IL-33,
IL-37, HMGB-1, RAGE: (A) Effect of rIL-33, rIL-37, rHMGB-1, and LPS on IL-33, (B) Effect
of rIL-33, rIL-37, rHMGB-1, and LPS on IL-37, (C) Effect of rIL-33, rIL-37, rHMGB-1, and
LPS on HMGB-1, (D) Effect of rIL-33, rIL-37, rHMGB-1, and LPS on RAGE. C-control;
rHMGB-1- recombinant high mobility group box-1; IL-interleukin; LPS-lipopolysaccharides;
RAGE- receptor for advanced glycation end-products. All values have been represented as mean
± SD (N=3). A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001) was
considered statistically significant.
123

5.4.8 ST2 antibody blocks the activity of IL-33 on mediators of inflammation and cartilage
degeneration: Anti-ST2 antibody was used to evaluate the effect of blocking IL-33 receptor
(ST2) thereby blocking the IL-33 effect on NHAC cells. RT-PCR analyses of the cDNA
prepared from treated cells for IL-33, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, RAGE, HMGB-1,
MMP-2, and MMP-9 suggested a significant decrease in the mRNA expression of these genes
with an anti-ST2 antibody. These results suggest that IL-33 receptor blocking has an effect on
the function of cytokine IL-33 (Figure 5.22).
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Figure 5.22: RT-PCR for the analysis of the effect of blocking IL-33/ST2 on various genes
of interests. mRNA expression of TLR-2 (panel A); TLR-4 (panel B); NF-κB (panel C); IL-6
(panel D); TNF-α (panel E); MMP-2 (panel F); MMP-9 (panel G); HMGB-1 (panel H); RAGE
(panel I); IL-33 (panel J).

HMGB-1- high mobility group box-1; IL-interleukin; MMP-matrix

metalloproteinases; NF-κB- nuclear factor kappa beta; LPS-lipopolysaccharides; RAGEreceptor for advanced glycation end-products; TNFα- tumor necrosis factor alpha, TLR- toll like
receptor. All values have been represented as mean ± SD (N=3). A value of p<0.05 (*p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001) was considered statistically significant.
5.4.9 Discussion
In this study, we found significantly increased mRNA expression of IL-33, IL-37, TLR-2,
TLR-4, NF-κB, RAGE, HMGB-1, MMP-2, and MMP-9, increased mRNA expression of IL-6 in
knee joint OA articular cartilage compared to hip joint OA cartilage. These findings were further
supported by significantly increased immunopositivity and MFI of IL-33, TLR-2, TLR-4, IL-6,
TNF-α, NF-κB, MMP-2, and MMP-9 in knee joint cartilage compared to hip joint cartilage.
Increased mRNA expression, increased immunoreactivity and MFI of mediators of inflammation
including IL-33, TLR-2, TLR-4, NF-κB and mediators of matrix degradation MMP-2 and MMP9 suggest the potential role of inflammation in the pathogenesis of cartilage damage in
accordance to previous studies [4, 6, 128, 190]. Although the mRNA expression of IL-37 was
higher in knee joint cartilage, MFI of IL-37 was found higher in hip joint cartilage. IL-37 is an
anti-inflammatory cytokine and the differential mRNA and protein expression of IL-37 may be
due to the differential expression of DAMPs (HMGB-1) and IL-33 in the hip and knee joint and
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the extent of inflammation and damage; which is more in knee joint compared to hip joint [8182, 159, 189].
Since, higher expression of DAMPs is associated with the pathogenesis of cartilage
degeneration [124, 187]; we analyzed the role of HMGB-1 on the various gene of interest by
treating the NHAC cells with rHMGB-1. Increased mRNA expression of IL-33, IL-37, TLR-2,
TLR-4, NF-κB, IL-6, TNF-α, RAGE, HMGB-1, MMP-2, and MMP-9 after treating the NHAC
cells with rHMGB-1 suggests the potential role of HMGB-1 in increasing the expression of
mediators of inflammation and cartilage damage. Further, RAGE is a ligand for HMGB-1 and
AGEs, increased expression of RAGE as well as HMGB-1 with rHMGB-1 suggests the vicious
cycle in cartilage loss due to the accumulation of DAMPs [124, 187]. Furthermore, the
interaction of HMGB-1 and TLRs enhances inflammation and increased expression of TLR-2
and TLR-4 with rHMGB-1 in NHAC cells suggests the role of HMGB-1 in initiating the
inflammatory cascade. The co-localization of HMGB-1 with RAGE, TLR-2, and TLR-4 further
supports that HMGB-1 secreted by the initial insult to cartilage activates the inflammatory
signaling cascade involving RAGE, TLRs, NK-κB and pro-inflammatory cytokines leading to
MMP activation and further cartilage damage [6, 128].
IL-33, a pro-inflammatory cytokine, is secreted after the damage of cells and release of
DAMPs such as HMGB-1 [128, 193]. Higher expression of DAMPs in knee joint compared to
hip joint may also result in higher secretion of IL-33 in knee joint [189]. Further, both IL-33 and
HMGB-1 activates the inflammatory surface receptors TLR-2 and TLR-4 and continues a
downstream inflammatory signaling through MyD88 and NF-kB [206]. This leads to increased
secretion of pro-inflammatory cytokines such as IL-33, IL-6, and TNF-α, and activation of the
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matrix metalloproteinases MMP-2 and MMP-9 [6, 128-129, 162, 190]. Increased secretion of
pro-inflammatory cytokines continues the inflammatory cascade and activated MMPs mediates
the matrix damage resulting in continuing cartilage loss [129, 162]. Increased inflammation in
the cartilage triggers the release of IL-37 and as the defense mechanism of the body, IL-37
decreases the secretion of pro-inflammatory cytokines to avert the detrimental effect of IL-33
[202, 207]. However, the imbalance between the detrimental and beneficial factors leads to
continued cartilage loss. Furthermore, increased immunopositivity of IL-37 in hip joint cartilage
and that of IL-33 in knee joint cartilage suggests more load, damage, and shear stress on the knee
joint compared to the hip joint, which again may be due to the increased expression of DAMPs
in the knee joint [81-82, 159, 189].
Immunopositivity and mRNA expression of IL-33 in OA cartilage suggest the potential
role of IL-33 in the pathogenesis. The higher expression of IL-33 in the knee joint cartilage
compared to the hip joint cartilage may be due to differential expression of DAMPs [189].
Because the cartilage samples were from the end-stage disease, normal and osteoarthritic human
chondrocyte cells were used in order to elucidate the role of IL-33 in initiating the pathogenesis
of cartilage degeneration. The higher baseline mRNA expression, immunoreactivity, and MFI of
IL-33, IL-37, TLR-2, TLR-4, NF-κB, IL-6, TNF- α, RAGE, HMGB-1, MMP-2, and MMP-9 in
HCOA compared to NHAC suggests the role of these inflammatory mediators in the
pathogenesis of OA. These results were in parallel to the data obtained with the post-knee and
hip replacement OA cartilage tissues. Further, significantly increased mRNA expression of IL33, TLR-2, TLR-4, NF-κB, RAGE, HMGB-1, MMP-2, and MMP-9, increased mRNA
expression of IL-6 and TNF- α, and decreased mRNA expression of IL-37 in NHAC cells with
IL-33 suggests the potential role of IL-33 in enhancing the expression of these inflammatory
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mediators, inflammation, and its detrimental effect and role in the pathogenesis of OA [6, 128,
191-192, 194-196] (Figure 5.23).
To further confirm the role of IL-33, we did the blocking experiments with anti-ST2
antibody to block the receptor for IL-33 and then stimulating the cells with IL-33. Decreased
mRNA expression of TLR-2, TLR-4, NF-κB, IL-6, TNF- α, RAGE, HMGB-1, MMP-2, and
MMP-9 in IL-33 stimulated NHAC cells after blocking the IL-33 receptor suggests the
therapeutic potential of blocking IL-33 receptor (ST2L) in decreasing the inflammation and
progression of the disease [192, 208]. Further, these results also suggest the role of IL-33 in
activating these mediators of cartilage damage. Decreased expression of these mediators can also
be explained by the unopposed secretion of IL-37 after IL-33/ST2L receptor blockade. The use
of IL-33 blocking and IL-37 in scaffold may also stimulate and prolong the survival of
mesenchymal stem cells in scaffold being used as cartilage regeneration therapy in addition to
regulating macrophage polarization [209]( Figure 5.23).
The knee and hip joint cartilage tissues showed immunopositivity for mediators of
inflammation including TLR-2, TLR-4, NF-κB, IL-6 and TNF-α suggesting the presence of
inflammation in cartilage tissue. The cartilage tissue was also immunopositive for IL-37. Since
the secretion of anti-inflammatory cytokine IL-37 increases with inflammation and it decreases
the inflammation in the tissue; we analyzed the effect of IL-37 on these inflammatory mediators
by treating the NHAC cells with IL-37. Decreased mRNA expression of IL-33, TLR-2, TLR-4,
NF-κB, IL-6, TNF-α, RAGE, HMGB-1, MMP-2, and MMP-9 and increased expression of IL-37
in IL-37 treated NHAC cells suggest the anti-inflammatory role of IL-37 [200, 202-203, 207].
Since, the role of TLRs, IL-6, TNF-α, RAGE, HMGB-1, MMP-2, and MMP-9 in the
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pathogenesis of cartilage degeneration has been reported [6, 128, 191-192, 194-196], decreased
expression of these mediators with IL-37 suggests the protective role of IL-37 in OA.
These results suggest the potential role of inflammation in the pathogenesis of OA. Other
than the accumulation of DAMPs, the role of PAMPs in arthritis (OA and RA) has been
documented [6, 100]. LPS, a PAMP induces inflammation and enhances the expression of
mediators of inflammation [210]. To elucidate the effect of LPS in the inflammatory
pathogenesis of OA, we treated the NHAC cells with LPS and analyzed the mRNA expression of
mediators of inflammation. Significantly increased mRNA expression of IL-33, TLR-2, TLR-4,
NF-κB, IL-6, TNF-α, RAGE, HMGB-1, MMP-2, and MMP-9 with LPS suggests the enhancing
effect of LPS on TLRs, NF-κB, and pro-inflammatory cytokines [210]. Significantly increased
mRNA expression of IL-37 may be due to increased inflammation, a counteractive phenomenon
in response to inflammation as discussed above.
The results of this study correlate the presence/accumulation of DAMPs in the joint tissue
with increased expression of IL-33, TLRs, and other inflammatory cytokines and initiating the
cascade of inflammation. Increased expression of inflammatory mediators in HCOA cells
compared to NHAC; enhancement of mRNA expression of these mediators with IL-33 and
attenuation with IL-37 and ST2 blocking further suggests the potential role of inflammation and
IL-33 in the pathogenesis of OA. Furthermore, attenuation of inflammatory mediators including
TLRs, IL-6, and TNF-α in IL-33, rHMGB-1 and LPS stimulated cells with IL-37 suggests the
potential therapeutic role of IL-37 in OA.

Reduced levels of pro-inflammatory cytokines

including TNF-α, IL-6, and IL-17 with rIL-37 suggests the key role of IL-37 in restraining
inflammation and its protective role in cartilage damage [200]. Further, decreased IL-37
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production by TNF-α blockade therapy support the hypothesis that IL-37 is secreted with
ongoing inflammation and increased levels of pro-inflammatory cytokines and its secretion is
attenuated with decreased inflammation [200]. Furthermore, rHMGB-1 and IL-33 and LPS
synergistically enhance the production of pro-inflammatory cytokines [128, 194], and
suppression of pro-inflammatory cytokine production and suppression of expression of TLRs in
IL-33 and LPS treated NHAC cells with IL-37 suggests the potential role of IL-37 in attenuating
inflammation in chondrocytes and in decreasing the progression of OA.
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Figure 5.23: Schematic representation of the translational approach of blocking IL-33 to
attenuate inflammation and cartilage loss. DAMPs associated increased IL-33 and DAMPs
stimulates toll like receptors results in activation of transcription factor NF-κB. This leads to
increased secretion of pro-inflammatory cytokines including IL-33, IL-6, IL-1β, TNF-α, which in
turn enhance recruitment of inflammatory cells such as monocytes and macrophages and
stimulates the pro-damage MMPs. This leads to increase inflammation and cartilage
degeneration. As a compensatory mechanism in response to inflammation, cells secrete IL-37
which attenuates inflammation by decreased recruitment of inflammatory cells and proinflammatory cytokine secretion via inhibition of NF-κB. Thus, targeting IL-33 receptor ST2L
and blocking it may reduce secretion of pro-inflammatory cytokines including IL-33 and
breaking the inflammatory cascade, thereby reducing inflammation and cartilage degeneration.
The root cause of the initial event resulting in the cartilage degeneration and OA is still
not clear. OA has been suggested as a wear and tear disease, however, the evolving role of
inflammation in cartilage degeneration, differential expression of DAMPs in knee and hip joint
cartilage, the stimulatory effect of IL-33 and attenuating effect of IL-37 on mediators of
inflammation suggest multifactorial involvement in the pathogenesis of OA. Accumulation of
AGEs with aging, HMGB-1 with wear and tear and in damaged cartilage in younger active
patients, activation of TLRs and secretion of IL-33 with HMGB-1 and LPS might be various
factors acting collectively to have an additive or synergistic effect resulting in cartilage
degeneration.
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5.4.10 Conclusion
The results of this study suggest that increased levels of DAMPs, PAMPs, and IL-33 act
synergistically in mediating the cartilage degeneration and development of OA. The attenuating
effect of IL-37 and IL-33/ST2 blockade on mediators of inflammation suggests the potential
counteractive role of these cytokines in OA. Further, attenuation of the expression of TLRs, proinflammatory cytokines and MMPs with anti-ST2 antibody suggests the important therapeutic
role of blocking IL-33/ST2 downstream signaling in attenuating inflammation which might be
useful in decreasing the progression of cartilage degeneration. Since OA is a multifactorial
disease, blocking IL-33/ST2 and enhancing IL-37 together may be clinically useful in treating
OA (Figure 5.23). Further, IL-33 and IL-37 also plays a role in the polarization of macrophages,
the main effectors of inflammation in cartilage, there is a need to study the effect of these
cytokines on macrophage polarization and the role of macrophages in cartilage degeneration.
5.4.11 Limitations of the study: The limited number of the hip specimens is a major limitation
of this study. The confounding factors including the medical history, current medications, current
medical status, distribution of the body fat, and history of trauma could have impacted the results
of the study. Since the specimens were collected anonymously, these parameters were not
provided. Despite these limitations, our study strongly highlights the potential role of IL-33 and
IL-37 in osteoarthritis and the role of blocking IL-33 receptor in decreasing the inflammation in
osteoarthritis.
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Original Article 3
Targeting the Macrophage Polarization: A Potential Therapeutic Strategy to Attenuate
Inflammation and Cartilage Loss in Osteoarthritis
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6.1 Abstract
Objective: Detection of activated macrophages mediating structural progression of cartilage loss
and pain in the osteoarthritic knee is suggestive of macrophage involvement in human
osteoarthritis (OA). However, the presence of macrophage phenotypes and subtype of M2
macrophage in OA, and the effect of IL-33 and IL-37 on macrophage polarization have not been
elucidated. In this study, we have investigated the macrophage phenotype and subtype of M2
macrophage in osteoarthritic cartilage and the effect of IL-33 and IL-37 on macrophage
polarization.
Material and methods: The resected osteochondral fragments from osteoarthritic cartilage were
used for the immunofluorescence. THP-1 cells after treating with Phorbol 12-myristate 13acetate was used for macrophage polarization studies. Immunofluorescence and RT-PCR were
used to analyze the gene and protein expression of the macrophage in cartilage and flow
cytometry was used for the effect of IL-33 and IL-37 on macrophage polarization.
Results: Significantly increased gene and protein expression of M2a macrophage in the OA knee
joint cartilage was found compared to the hip joint cartilage. The results also suggest that IL-33
mediates M1 while IL-37 mediates M2 polarization.
Conclusion: The results of this study suggest that increasing M2 macrophage by IL-37 or by
blocking IL-33 might be beneficial in attenuating the inflammation.
Keywords: Osteoarthritis; M1 and M2 macrophage; Interleukin-33; Interleukin-37; Macrophage
polarization; Cartilage degeneration
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6.2 Introduction
Osteoarthritis (OA) is the most common form of arthritis involving mainly the knee and
hip joint and is a leading cause of pain and disability [68]. OA involves cartilage degeneration,
osteophyte formation, subchondral bone sclerosis, weakness of the quadriceps muscles, and
degeneration of the tendon, ligaments and the menisci in the knee [4, 68]. OA is characterized by
the joint pain, tenderness, stiffness, crepitus, effusion, limited range of motion, and inflammation
without systemic effects [1]. Recent research studies suggest that along with wear and tear,
inflammation of the whole joint including cartilage plays a major role in the pathogenesis of OA
[4, 68]. Inflammation in the joint may be caused by the inflammatory cells or pro-inflammatory
cytokines secreted by these cells. The role of pro-inflammatory cytokines IL-6, IL-8, IL-15, IL17, IL-18, IL-21, IL-1β and TNF- α in the pathogenesis of RA and OA and the role of antiinflammatory cytokines IL-4, IL-10 and IL-13 has been discussed in various studies [20, 25, 126,
129]. Further, the role of cytokines IL-33 and IL-37 in the pathogenesis of OA in human knee
and the hip joint has been discussed previously. An imbalance between the catabolic and
anabolic cytokines and growth factors results in cartilage matrix degradation and cartilage
degeneration [131]. Macrophages are the most common inflammatory cells involved in the
pathogenesis of OA [4, 11-12, 88, 211-213]. Further, the role of soluble macrophage biomarkers
as an indicator of inflammatory phenotypes in knee OA and detection of activated macrophages,
mediating structural progression (CD163 and CD14) and pain (CD14) in OA knees, by a new
noninvasive molecular imaging technology is suggestive of macrophage involvement in human
OA [91-92].
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The crucial role of sCD14 in OA and the presence of CD14 immunopositive cells in the
cartilage tissue suggest the role of this monocyte/macrophage lineage cell activator in the
pathogenesis of OA [4, 69]. Further, shedding of CD14 (sCD14) instigate inflammation by
activating monocyte/macrophage lineage cell and the crucial role of the macrophage in
mediating the inflammation in the joint and cartilage degeneration has been reported [4, 11, 88].
The role of the synovial macrophage in osteophyte formation and OA-related pathology [88],
macrophage inflammatory protein 3α in RA and OA, macrophage derived pro-inflammatory
cytokines [12, 211-213] suggest the potential role of inflammatory macrophage (M1) in the
pathogenesis of arthritis (RA and OA).
Suppression of the inflammation has been suggested as a potential therapeutic option in
treating OA [4, 13, 21, 126]. M2 macrophages (alternatively activated macrophages) are
considered to have anti-inflammatory function and play a central role in anti-inflammatory
response and tissue remodeling. The density of M2 macrophages predominates in the later phase
of inflammation to subside the inflammatory response. The process of initiation, development,
and cessation of inflammation is regulated by the transformation of macrophages into different
phenotypes termed as macrophage polarization [214-215]. Monocyte/macrophage transformation
and M1: M2 polarization is regulated by various factors including LPS and cytokines IFN-γ, IL4, IL-13, IL-1β, IL-10, and TGF-β [215-216]. The role of IL-33 in amplifying the polarization of
classically (M1) and alternatively (M2) activated macrophages and IL-37 towards the
alternatively (M2) activated macrophages has been discussed [217-222]. These studies suggest
the crucial role of these cytokines in the regulation of macrophage polarization. The fact that
these cytokines also play a role in the pathogenesis of OA [20, 25, 126, 129] correlates that
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macrophage polarization may play a crucial role in OA pathogenesis and might serve as a novel
therapeutic target to attenuate the progression of the disease.
The role of synovial M1 macrophages in the pathogenesis of OA has been discussed in
studies; however, the important role of M1 and M2 macrophage in cartilage, the type of M2
macrophage phenotype involved, and the effect of macrophage polarization in the context of IL33 and IL-37 in OA has not been reported. In this study, we analyzed the phenotypes of M2
macrophage involved in the pathogenesis of OA and the association of M1 and M2 macrophage
with cytokines IL-33 and IL-37 in human OA knee and hip joint.
6.3 Material and Methods
6.3.1 Patient selection: After total knee and hip joint replacement, post-surgical 24 knee joint
tissues and 5 hip joint tissues were collected anonymously without any potential identification of
the patient at Creighton University Medical Center (CUMC) and Immanuel Medical Center. The
research protocol for this prospective study was approved under exempted category by the
Institutional Review Board of Creighton University. Demographic variables including BMI, age,
gender, and race were provided with tissues anonymously by a nurse who collected the knee and
hip and not involved with the study. The average values for age and body mass index were 62.25
years and 36.9 for the knee joint and 70.8 years and 33.88 for the hip joint.
6.3.2 Tissue acquisition and processing: Post-surgery tissues were collected and transported to
the lab in the University of Wisconsin (UW) solution and maintained at 4oC. From the surgical
specimens, articular cartilage from the medial and lateral tibial condyles and femoral head near
the area of cartilage loss, and the attached fat tissue was scrapped and fixed in 4% formalin.
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Cartilage tissues were also used to prepare the RNA and cDNA and remaining tissues were
stored at -800C.
6.3.3 Preparation and staining of specimen: Thin (2mm) sectioned formalin fixed tissues were
processed using a Sakura Tissue Tek VIP Tissue Processor and embedded using paraffin. Five
micron thin sections of the paraffin fixed tissues were sectioned using Microtome (Leica,
Germany) and placed on glass slides for hematoxylin and eosin and immunofluorescence
staining.
6.3.4 Hematoxylin and Eosin staining of specimen: Hematoxylin and eosin (H&E) staining
was done on the sections following manufacturer’s standard protocol (Newcomer/supply). This
was followed by scanning the stained slides with a 20 X Olympus inverted microscope (Olympus
BX51) with the scale bar of 200μm to examine the histology of the stained tissues.
6.3.5 Immunofluorescence (IF) study: Deparaffinization, rehydration, and antigen retrieval was
carried out on the paraffin fixed section (cartilage and fat) prior to immunofluorescence as per
the standard protocol in our laboratory. In short, slides were washed with PBS, blocked with 5%
blocking buffer and incubated with mouse anti-CD14 (ab182032), rabbit anti-CD86 (ab53004),
rabbit anti-CD206 (ab64693), rabbit anti-CD163 (ab87099), and rat anti-IL-10 (JES3-19F1) in
1:200 dilution as primary antibodies overnight at 4C. Alexa Fluor 594 (red) and Alexa Fluor 488
(green) conjugated secondary antibodies (Invitrogen, Grand Island, NY, USA) at 1:500 dilutions
and DAPI (4, 6-diamidino-2-phenylindole) was used to stain nuclei. Negative controls were run
using primary antibodies without secondary antibodies and using the IgG isotypes for each
fluorochrome. Stained slides were scanned using an Olympus inverted fluorescent microscope
(Olympus BX51) at 20X with a scale of 200μm. Fluorescence intensities for CD86 and CD206
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in three separate random images of cartilage and fat tissues were measured using Image-J
software and mean fluorescence intensity (MFI) was calculated.
6.3.6 RNA isolation, cDNA synthesis, and real-time PCR: Post-surgically articular cartilage
tissues obtained from the knee and hip joints were used to isolate total RNA using TRI reagent
(Trizol reagent, Sigma, St Louis, MO, USA) according to the manufacturer’s instructions
followed by quantification using Nanodrop (Thermo Scientific, Rockford, IL, USA). Improm II
reverse transcription kit (Promega, Madison, WI, USA) was used to synthesize cDNA. The realtime PCR (RT-PCR) was performed in triplicate using SYBR Green Master Mix using Real-time
PCR system (CFX96, BioRad Laboratories, and Hercules, CA, USA). The primers for different
genes (Table 6.1) were purchased from Integrated DNA Technologies (Coralville, IA, USA).
The PCR cycling was done as follows: initial denaturation at 950C for 5 min, 45 cycles of 30s at
950C, 30s at 55-600C according to the primer annealing temperatures and 30s at 720C followed
by melting curve analysis. Fold expression of mRNA transcripts relative to controls was
determined after normalization to GAPDH.
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Table 6.1: Forward and reverse primer sequence of the gene of interest used in RT-PCR
analysis.
Gene of

Forward primer

Reverse primer

CD14

5’-CTTGTGAGCTGGACGATGAA-3’

5’-TGCAGACACACACTGGAAG-3’

CD86

5’- AGG ACT CCC TCT AAG TGG

5’- GCC CAT AAG TGT GCT CTG

AAT AG-3’

AA-3’

5’-GGA GTG ATG GTT CTC CTG TTT

5’-CCT TTC AGC TCA CCA CAG

C-3’

TAT T-3’

interest

CD206

GAPDH 5’- GGT GAA GGT CGG AGT CAA
CGG ATT TGG TCG -3’

5’- GGA TCT CGC TCC TGG AAG
ATG GTG ATG GG -3’

6.3.7 Cell culture and macrophage polarization studies
Human monocytes (THP-1 cells) were cultured and propagated in a T25 flask using the
RPMI complete medium (5% fetal bovine serum + 1% penicillin-streptomycin) in a humidified
incubator with 5% CO2 at 37C. At 80% confluence, 200,000 cells were plated in each well of a 6
well plate and treated with Phorbol 12-myristate 13-acetate (PMA) for 48 hrs to convert the
monocytes (THP-1) to macrophage. After the cells get attached to the flask surface and
transformed to macrophages, cells were treated with IL-33 (10ng.ml) and IL-37 (10ng/ml) for 6
days changing the media every second day with a fresh treatment. After 6 days, the cells were
trypsinized and subjected to flow cytometry for analyzing the positively stained cells for CD86
and CCR7 for M1 macrophage and CD206, CD162, and IL-10 for M2a, M2b, and M2c
macrophage respectively using the standard protocol. Briefly, the cells were washed with PBS4
(PBS+ 4% fetal bovine serum) and centrifuged (300g x 10 minutes) followed by incubation with
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primary antibodies for anti-mouse CD86 PE-Cyanin5 (isotype IgG2bκ PE-Cyanin5), anti-rat
CCR7 APCeFluor780 (isotype IgG2aκ APCeFluor780), anti-mouse CD206 Alexa Fluor 488
(isotype IgG1κ Alexa Fluor 488), anti-mouse CD163 Per-CP-eFluor 710 (isotype IgG1κ Per-CPeFluor 710), and anti-mouse IL-10 PE-Cyanin 7 (isotype IgG1κ PE-Cyanin7) for 45 minutes at a
concentration of 10μl/106 cells. Cells were again centrifuged (300g x 10 minutes) and after
removing the supernatant, 500ml of Facs-fix (PBS: 10% formaldehyde= 3:2) was added to the
cells. Isotypes for each fluorochrome were used for the negative control. OneComp eBeads
(eBioscience 01-1111-42) with fluorescent conjugated antibody were used for the positive
control. Live cells were gated using FSC/SSC. Cell populations were analyzed using Flow-Jo
(v10) software. The average count of positively stained cells from the three separate experiments
was calculated analyzed by SPSS software for significance.
6.3.8 Statistical analysis: Data are presented as mean ± SD (N=3). Data was analyzed by oneway ANOVA and student’s t-test for significance. A value of p<0.05 (*p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001) was considered statistically significant.
6.4 Results
6.4.1 Higher expression of macrophage in OA knee joint cartilage: RT-PCR analysis of the
post-surgical osteoarthritic knee and hip joint cartilage tissues showed significantly higher
mRNA expression of CD14, CD86, and CD206 in knee joint cartilage compared to hip joint
cartilage tissues. In parallel with the RT-PCR results, dual fluorescence staining of cartilage for
CD14 with CD86, CD206, CD163, and IL-10 showed higher immunopositivity for CD14CD206 and CD14-CD86 in the knee joint cartilage compared to the hip joint cartilage tissues
(Figure 6.1). There was very minimal or no immunopositivity for CD163 and IL-10. Further,
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higher MFI and significantly higher macrophage density for CD14+CD86+ and CD14+CD206+
cells in the knee joint tissues compared to the hip joint tissues suggest higher macrophage
expression in the knee joint compared to the hip joint cartilage.

Figure 6.1: Immunofluorescence and RT-PCR for gene and protein expression of CD14,
CD86, and CD206 in osteoarthritic knee and hip joint cartilage. CD14 (Panels A, E, I, and
M), CD86 (Panels B and J), CD206 (Panels F and N), DAPI (Panels C, G, K, and O), merged
(Panels D, H, L, and P), macrophage density in the knee and hip joint OA cartilage (Panel Q),
mean fluorescence intensity of CD14, CD86 and CD206 in the knee and hip joint OA cartilage
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(Panel R), and mRNA expression of CD14, CD86 and CD206 in the knee and hip joint OA
cartilage (Panel S). CD- cluster differentiation; DAPI- 4’ 6-diamidino-2-phenylindole; RT-PCRreal time- polymerase chain reaction. These are the representative images from all patients
included in this study. Data are presented as mean ± SD (N=3).*p<0.05, ***p<0.001
6.4.2 Higher expression of M2 macrophage in OA knee and hip joint cartilage: RT-PCR
analysis of the post-surgical osteoarthritic knee and hip joint cartilage tissues revealed that the
mRNA expression of CD206 was significantly higher than the mRNA expression of CD14 and
CD86, and the mRNA expression of CD86 was significantly higher than the mRNA expression
of CD14 in the knee and the hip joint tissues. Dual fluorescence staining of the knee and the hip
joint cartilage for CD14 with CD86, CD206, CD163, and IL-10 showed higher immunopositivity
for CD14-CD206 compared to CD14-CD86 in the knee and the hip joint suggesting higher
expression of M2a macrophage compared to M1 macrophage. The minimal or no
immunopositivity for CD14-CD163 and CD14-IL-10 on dual immunofluorescence suggests
minimal or no expression of M2b and M2c macrophage in the knee and the hip joint tissues.
Further, higher MFI for CD206 than CD86 and significantly higher macrophage density of
CD14+CD206+ compared to CD14+CD86+ cells suggests the higher expression of M2
macrophage in the cartilage tissues of knee and hip joint. Taken together, osteoarthritic cartilage
showed significantly higher expression for M2a macrophage compared to M1 macrophages
(Figure 6.1).
6.4.3 Immunopositivity for CCR2, CCL3, CCL5, and CCR7 in osteoarthritic human
cartilage: Immunofluorescence of osteoarthritic human cartilage revealed immunopositivity for
CCR2, CCL3, CCL5, and CCR7. The immunopositivity for these chemokine receptors and
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ligands suggests the presence of macrophage and monocytes chemoattractants in the
osteoarthritic human cartilage (Figure 6.2).

144

Figure 6.2: Immunofluorescence for CCR2, CCL3, CCL5, and CCR7 in osteoarthritic
human cartilage: CCR2 (panel A), CCL3 (panel D), CCL5 (panel G), CCR7 (panel J), DAPI
(panels B, E, H, and K), and merged images (panels C, F, I, and L). These are the representative
images of all the tissues in this study. CCR2- C-C chemokine receptor type 2, CCL3- Chemokine
(C-C motif) ligand 3, CCL5- Chemokine (C-C motif) ligand 5, CCR7- C-C chemokine receptor
type 7, DAPI- 4, 6-diamidino-2-phenylindole.
6.4.4 Immunopositivity for vasculoendothelial growth factor (VEGF) and cluster
differentiation (CD) 31 in human osteoarthritic cartilage and VEGF in swine cartilage:
Immunofluorescence of osteoarthritic human cartilage revealed immunopositivity for VEGF and
CD31. Immunofluorescence also revealed immunopositivity for VEGF in degenerating swine
cartilage. The immunopositivity for CD31 suggests the presence of endothelial cells and
immunopositivity for VEGF suggests the presence of growth factor essential for vasculogenesis
(Figure 6.3).
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Figure 6.3: Immunofluorescence for vasculoendothelial growth factor (VEGF) and cluster
differentiation (CD) 31 in osteoarthritic human cartilage and VEGF in swine cartilage.
VEGF (panels A and G), DAPI (panels B, E, and H), and merged images (panels C, F, and I).
These are the representative images of all the tissues in this study. DAPI- 4, 6-diamidino-2phenylindole
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6.4.5 Higher expression of macrophage in OA knee joint fat: Dual fluorescence staining of fat
tissue from osteoarthritic knee and hip joint for CD14 with CD86, CD206, CD163 and IL-10
showed higher immunopositivity for CD14-CD206 and CD14-CD86 in the knee joint compared
to the hip joint fatty tissue. There was very minimal or no immunopositivity for CD163 and IL10. Further, higher MFI and significantly higher macrophage density for CD14+CD86+ and
CD14+CD206+ cells in the knee joint fat compared to the hip joint fat suggest higher
macrophage expression in the knee joint compared to the hip joint fat tissues (Figures 6.4 and
6.5).
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Figure 6.4: Immunofluorescence for CD14, CD86 and CD206 in osteoarthritic knee joint
fat. CD14 (Panels A, E, I, and M), CD86 (Panels B and J), CD206 (Panels F and N), DAPI
(Panels C, G, K, and O), and merged (Panels D, H, L, and P). These are the representative
images from all patients included in this study.

Figure 6.5: Macrophage density and mean fluorescence intensity of CD14, CD86, and
CD206 in the osteoarthritic knee and hip joint fat. Mean fluorescence intensity of CD14,
CD86 and CD206 in the OA knee and hip joint fat (Panel A), macrophage density in the OA
knee and hip joint fat (Panel B). Data are presented as mean ± SD (N=3).
****p<0.0001
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***p<0.001,

6.4.4 Higher expression of M2 macrophage in OA knee and hip joint fat tissue: Dual
fluorescence staining of fatty tissue for CD14 with CD86, CD206, CD163, and IL-10 showed
higher immunopositivity of CD14-CD206 compared to CD14-CD86 suggesting higher
expression of M2a macrophage compared to M1 macrophage. The minimal or no
immunopositivity for CD14-CD163 and CD14-IL-10 on dual immunofluorescence suggests
minimal or no expression of M2b and M2c macrophage in fatty tissues. Further, the higher MFI
and significantly higher macrophage density of CD14+CD206+ compared to CD14+CD86+ cells
support the findings of immunofluorescence. Taken together, the fat tissue from osteoarthritic
knee and hip joint showed higher expression for M2a macrophage compared to M1 macrophages
(Figure 6.6 and 6.7).
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Figure 6.6: Immunofluorescence for CD14, CD86, and CD206 in osteoarthritic hip joint fat.
CD14 (Panels A, E, I, and M), CD86 (Panels B and J), CD206 (Panels F and N), DAPI (Panels
C, G, K, and O), and merged (Panels D, H, L, and P). These are the representative images from
all patients included in this study.
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6.4.5 IL-33 induces M1 while IL-37 induces M2 macrophage phenotype: The flow-cytometry
results of the IL-33 and IL-37 treated macrophages showed the predominance of CD86+ (M1)
and CCR7+ (M1) cells with IL-33 (10ng/ml) treatment and predominance of CD206+ (M2a) and
CD163+ (M2b) cells with IL-37 (10ng/ml) compared to control cells (Figures 6.7 and 6.8A;
Table 6.2). Flow cytometry results also revealed a dose-dependent effect on the polarization of
M2 macrophages with increased number of M2 positive cells with the higher doses of IL-37 (25
and 50 ng/ml). There was higher percentage of CD206+ (M2a; 33.8% and 31.3%) and CD163+
(M2b; 64.9% and 60.8%) cells with the higher concentrations of IL-37 (Figure 6.8 B; Table 6.2).
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Figure 6.7: Flow cytometry for macrophage polarization. Control PMA treated cells (Panel
A), IL-33 treated cells (Panel B), and IL-37 treated cells (Panel C). IL- interleukin, PMAPhorbol 12-myristate 13-acetate

Figure 6.8: Flow cytometry for macrophage polarization and the dose-dependent effect of
IL-37. Average percent number of cells after treatment with IL-33 and IL-37 compared to
control cells (Panel A), dose dependent effect of IL-37 on M2 macrophage polarization (Panel
B). IL- interleukin
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Table 6.2: Flow-cytometry analysis of IL-33 and IL-37 treated macrophage (number (%) of
positive cells).
CD86+ cells
Control
cells

CCR7+ cells

CD206+ cells

CD163+ cells

Mean ± SD

1.77 ± 0.15

1.18 ± 0.025

0.82 ± 0.10

0.18 ± 0.07

IL-33
(10ng/ml)

Mean ± SD

85.1 ± 16.26

42.47 ± 6.44

0.72 ± 0.28

0.19 ± 0.02

<0.0001

<0.0001

0.999

0.999

IL-37
(10ng/ml)

Mean ± SD

2.36 ± 1.05

1.27 ± 0.20

23.43 ± 5.41

39.07 ± 9.81

0.9969

0.997

0.0003

0.0003

p value

p value

IL-37
(25ng/ml)

Mean ± SD

33.8 ± 3.40

64.9 ± 4.52

IL-37
(50ng/ml)

Mean ± SD

31.3 ± 2.12

60.8 ± 5.09

CD- cluster differentiation, IL- interleukin, SD- standard deviation. (N=3)

6.5 Discussion
In this study, we found higher mRNA expression of CD14, CD86, and CD206 in the
cartilage tissues of knee joint compared to hip joint. The mRNA expression of CD206 was
significantly higher than the mRNA expression of CD86 in both knee and hip joint cartilage.
These results were supported by the findings of dual immunofluorescence showing
immunopositivity for macrophage (CD14), M1 macrophage (CD86), and M2a macrophage
(CD206) in knee and hip joint knee cartilage and higher immunopositivity, MFI and significantly
higher macrophage density for CD14+CD206+ cells in the knee joint compared to the hip joint
cartilage. The higher expression of CD206 suggests the predominance of M2a macrophage
phenotype in the end stage disease process and minimal or no immunopositivity for CD163 and
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IL-10 suggest that M2b and M2c are minimally or not present. On comparing the ration of M1
and M2 macrophage, we found the ratio of 1:2 in both knee and hip joint indicative of late stage
osteoarthritis [214-215].
Although cartilage is an avascular tissue, the presence of macrophage or CD14+ cells in
the cartilage indicates the migration of these cells from synovium which shows differential
binding/ expression of various chemokines and their receptors (CCL2, CCL3, CCL5, CXCR1,
CXCR2, and CXCL8) specific to macrophage and neutrophils [90]. Immunofluorescence of
osteoarthritic human cartilage revealed immunopositivity for chemokine receptors such as CCR2
and CCR7 and chemokine ligands CCL3 and CCL5. The chemokine receptors and ligands
including CCR2, CCL3, CCL5, and CCL7 mediate the recruitment and migration of monocytes/
macrophages [223-224]. The immunopositivity for these chemokines suggests that macrophage
migration into the cartilage may have been mediated by these chemokine receptors and ligands.
Further, Sharma et al. [225] have discussed the induction of vascularization of the articular
cartilage due to fissuring and flanking and an increased vascularity in the deep articular cartilage
in patients with OA, mediated by the

stimulation of angiogenic factors such as vascular

endothelial growth factor (VEGF) in synovial fluid has also been reported [226-227]. In this
study, the immunopositivity for VEGF and CD31 suggests the presence of endothelial cells and
their growth factors in the osteoarthritic human cartilage. The minimal immunopositivity for
VEGF and CD31 as observed in this study might be due to the end stage disease of the cartilage.
The immunopositivity for VEGF was supported by the immunofluorescence of the swine
degenerating cartilage [4] which showed higher expression of VEGF. This suggests that during
the degenerative phage or in the early stage of osteoarthritis, there will be higher expression of
VEGF which may mediate the vasculaogenesis. However, the presence of vasculogenesis was
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not revealed in the human osteoarthritic cartilage, which again may be due to end stage disease.
Hence, future studies for vasculogenesis in early stage osteoarthritis are needed.
The mRNA expression and immunopositivity for macrophage in the knee and hip joint
cartilage tissues suggest the presence of inflammation in the cartilage tissue and the role of
inflammation in the pathogenesis of OA as discussed in our previous study with
hypercholesterolemic microswine [4]. The role of the synovial macrophage in osteophyte
formation and OA-related pathology has been reported [88]. Macrophage inflammatory protein
3α and its receptor CCR6 plays an important role in the pathogenesis of RA by attracting the
monocytes and memory lymphocytes to RA joint, and the expression of MIP-3 α in OA synovial
fluid and osteoblast suggests its probable role in OA pathogenesis. Further, the role of
macrophage derived pro-inflammatory cytokines IL-1, IL-17, and TNF-α in RA and OA,
enhancing effect of these cytokines on MIP-3α, and decreased levels of IL-6, IL-8, MCP-1 and
inhibition of MMP-1, -3, -9, and -13 by neutralizing IL-1 and TNF-α have been reported [12,
211-213]. Furthermore, the beneficial effect of antagonist for MCP-1 in arthritis has also been
reported [228]. These studies suggest the potential role of inflammatory macrophage (M1) in the
pathogenesis of arthritis (RA and OA).
Two hallmarks of macrophages are diversity and plasticity. Macrophages are of two
phenotypes namely M1 macrophages (classically activated macrophages) which are proinflammatory macrophages playing a central role in the host defense against infection and M2
macrophages (alternatively activated macrophages) considered to have anti-inflammatory
function playing a central role in anti-inflammatory response and tissue remodeling. M2
macrophages have further subtypes as M2a, M2b, and M2c macrophages. The process of
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initiation, development, and cessation of inflammation is regulated by the transformation of
macrophages into different phenotypes termed as macrophage polarization [214-215]. The role
of M1 in inducing inflammation and M2 macrophage in the cessation of inflammation has been
documented

[214-215].

Significantly

higher

mRNA

expression

of

CD206,

higher

immunoreactivity and MFI of CD14+CD206+ cells, and significantly higher macrophage density
of CD14+CD206+ cells suggests the predominance of M2 macrophage compared to M1
macrophage in the cartilage of OA knee and hip joint. Since M2 macrophages are antiinflammatory macrophages and work for the cessation of inflammation [214-215], the higher
density of M2 macrophages in OA knee and hip joint cartilage suggest the presence of M2 as a
protective factor for the cartilage degeneration.
The predominance of M2 macrophages in the cartilage of knee and hip joint can be
explained on the basis that the cartilage tissues were from the end-stage disease and M2
macrophage have an anti-inflammatory role and comes into play at a later stage during the
process of inflammation [214-215]. Since M2 macrophage subside inflammation and is involved
in protecting and remodeling of the tissues, the question is that how cartilage tissue degeneration
has taken place in the knee and hip joint even in the predominance of M2 macrophage. This may
be either due to a very high propensity of M1 macrophage inducing chronic inflammation for a
long time or there is a delayed M1 to M2 macrophage phenotypic switching. Since macrophage
polarization is cytokine regulated [215-222] and timed polarization is must for the cessation of
inflammation and proper tissue remodeling [229-230], the imbalance between these cytokines
including IL-33 and IL-37 or higher concentrations of cytokines favoring M1macrophage for a
long time delay the macrophage switching. In our previous study, we found higher expression of
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IL-33 in the end stage diseased cartilage compared to IL-37 and this correlates with the
prolonged presence and effect of M1 macrophage leading to cartilage degeneration.
The results of this study along with other studies suggest the crucial role of inflammation
in the pathogenesis of OA[4, 68] and suppression of inflammation have been suggested as a
potential therapeutic strategy to decrease the progression of the disease [4, 13, 21, 126]. Further,
reduction in the hand OA with TNF-α inhibitor infliximab and reduction in cartilage destruction
with IL-1 receptor antagonists (IL-1Ra) by inhibiting IL-1 cytokine suggests the role of
decreasing inflammation in the treatment of OA [13, 21] and other inflammatory arthritis [132].
Our previous study demonstrated the role of inflammation involving macrophage in the
pathogenesis of OA [4], and the results of this study suggest the involvement of M1 and M2
phenotype with a predominant M2 phenotype in the later stage of the disease. As stated earlier,
the predominance of M2 macrophage with the end stage cartilage loss may be due to the
imbalance between the protective and detrimental factors resulting in prolonged predominance of
M1 macrophage resulting in the continuum of cartilage loss. Further, the phenotypic change of
infiltrating macrophage from M1 to M2 phenotype in a timely manner with the sequential release
of cytokines may help in better vascularization of the scaffold [216]. Furthermore, the role of
macrophage polarization and targeting macrophage polarization for decreasing inflammation and
for the treatment of various inflammatory diseases including rheumatoid arthritis has been
discussed [214-216, 231-234]. M1 predominance with IL-33 and M2 predominance with IL-37
suggests that sequential release of IL-33 and IL-37 in the early stage of knee/hip joint OA may
alter the course of M1 and M2 phenotypic change with an early predominance of M2 phenotype
and may be a potential novel strategy for decreasing the progression of OA.
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Thus, targeting the macrophage polarization to reduce the prolonged inflammation in the
joint and cartilage might be beneficial in decreasing the progress of cartilage loss. Our previous
paper highlighted the role of IL-33 and IL-37 in the pathogenesis of OA. The attenuation of LPS
induced pro-inflammatory cytokine (IL-6, IL-1, TNF-α) production by IL-37 suggests the
inhibitory potential of IL-37 on LPS [221]. Our previous studies have discussed the role of LPS
and DAMPs in the pathogenesis of OA [188-189]. Further, LPS also mediates the
monocyte/macrophage activation towards M1 macrophage [215-216] inhibition of LPS activity
with IL-37 might be beneficial in decreasing the M1 predominance and decreasing the
inflammation, thereby decreasing the cartilage damage. Collectively, these results suggest that
regulating the macrophage polarization by IL-33 and IL-37 in a scaffold in a timed manner may
be beneficial. However, this hypothesis needs to be tested and require future studies with an
animal model.
6.6 Conclusion
The presence of M1 and M2 macrophages with a predominance of M2a macrophage in
osteoarthritic cartilage is suggestive of the presence of inflammation in the surgical specimens
and indicative of the role of inflammation in the pathogenesis of OA. Flow cytometry data in this
study has elucidated the role of IL-33 and IL-37 in M1 and M2 phenotype and M2 subtype
macrophage polarization. As discussed above, macrophage polarization has been targeted for
angiogenesis and decreasing inflammation; targeting the macrophage polarization in the early
stage of OA might be beneficial. Further, IL-33 and IL-37 plays a counteractive role in the
pathogenesis of OA and macrophage polarization. Collectively, these results suggest that
regulating the macrophage polarization by IL-33 and IL-37 in an early stage may be a
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therapeutic strategy in OA. However, the preliminary results of this study need to be tested in an
animal model. Further, not only the role of macrophages but also the study of other mediators of
inflammation and anti-inflammatory mediators along with these cytokines needs to be
investigated.
6.7 Limitations of the study: This study highlighted the importance of controlling the
macrophage polarization in a timely manner to decrease the inflammation and cartilage
degeneration. However, limited access to human knee and hip joints and the non-availability of
the normal cartilage are the major limitations. Further, the lack of information related to
confounding factors including the medical history, history of trauma, infection, and medications,
and previous arthritis in the patients may have influenced the results of this study.
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Original Article 4
Vitamin D Attenuates Inflammation and Fatty infiltration in the Knee of Hyperlipidemic
Microswine
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7.1 Abstract
Objective: Osteoarthritis (OA) of the knee joint is a degenerative process resulting in cartilage
loss. Recent evidence suggests that osteoarthritis is not merely a disease of cartilage, but a
disease of entire knee joint and inflammation may play an important role. OA has been
associated with vitamin D deficiency. Vitamin D as an immunomodulator and anti-inflammatory
agent may attenuate inflammation in the knee. The aim of this study was to assess the antiinflammatory effect of vitamin D status on inflammation in the knee.
Material and methods: This study was conducted with 13 microswine on high cholesterol diet
categorized in three groups of vitamin D deficient, sufficient and supplement. After one year,
microswines were euthanized and the knee joint tissues were harvested. Histological and
immunofluorescence studies were carried out on the tissue specimens to evaluate the effect of
vitamin D status.
Results: Histological and immunofluorescence studies of the knee joint tissues showed increased
inflammation in the knee joint tissues, fatty infiltration in quadriceps muscle, patellar tendon and
collateral ligaments, and chondrocyte clustering in vitamin D deficient and sufficient group
compared to supplementation group. Architectural distortion of the quadriceps muscle, patellar
tendon, and collateral ligaments was also seen in the areas of inflammatory foci and fatty
infiltration in the deficient group.
Conclusion: Decreased inflammation and fatty infiltration in vitamin D supplement group
suggest the potential role of vitamin D in attenuating inflammation and fatty infiltration, and
protecting the architecture of the tissue in the knee joint.
Key words: Osteoarthritis, Vitamin D deficiency, Cartilage loss, Inflammation, Fatty infiltration,
Vitamin D supplementation, Inflammation attenuation
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7.2 Introduction
Inflammation of the joint accompanied by pain and swelling is a major problem leading
to joint damage. This is accompanied by the loss of joint flexibility and range of motion,
resulting in physical disability and limitation of the movement. Among the hand, hip and knee
joint, knee joint arthritis is the most common form of arthritis [7]. Osteoarthritis of the knee joint
is a degenerative joint disease that is the foremost cause of disability in the elderly population in
the United States [151]. OA is characterized by an imbalance between degenerative and
regenerative processes resulting in cartilage loss [145]. Although the pathogenesis of cartilage
degeneration is still unclear, there are evidence that suggest cartilage damage is due to
periarticular bone resorption and sclerosis during subchondral bone remodeling. This
subchondral bone remodeling may be slowed down by low levels of vitamin D resulting in bone
thickening, osteophyte formation, and resultant cartilage damage [135, 144]. Therefore low
levels of vitamin D may affect structural change of the knee joint [145]. OA affects all the knee
joint tissues including cartilage, muscles [134, 151], tendon, ligament, and subchondral bone,
and these changes play an important role in the pathogenesis of osteoarthritis [235]. Vitamin D
influences the state of these articular structures by acting through vitamin D receptors (VDR).
VDR polymorphism has been associated with osteoarthritis and therefore vitamin D may play an
important role in OA pathogenesis [146-148].
Vitamin D deficiency is a common worldwide [133]. Vitamin D deficiency has been
associated with many musculoskeletal diseases such as muscle weakness, rickets, osteomalacia,
osteopenia, and osteoporosis, increased risk of fracture and muscle weakness [6, 11]. The
important role of Vitamin D in bone mineralization, remodeling, and maintenance is well known,
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but the role of vitamin D in the pathogenesis of osteoarthritis is yet to be defined [135]. Low
level of vitamin D is associated with progression and increased prevalence of osteoarthritis [136139] and many studies support the beneficial role of vitamin D in osteoarthritis [140-141], but
this is controversial [142-143]. Low levels of vitamin D have also been associated with an
increased incidence of inflammation [149-150]. Recent evidence suggests a potential role of
inflammation in OA pathogenesis [6, 153] and vitamin D as an immunomodulatory and antiinflammatory agent may attenuate the inflammation in the knee.
Macrophages are the potent modulators of inflammation and as sentinel of the innate
immune system are involved in the inflammatory response. OA is a wear and tear disease and
wear particles also stimulate a macrophage response [236]. Macrophages and macrophages
produced cytokines plays a potential role in the pathogenesis of OA [12]. Thus, inflammatory
mediators or markers expressed on macrophages may play a role in the pathogenesis of OA.
Triggering receptor expressed on myeloid cell (TREM) -1 is a recently discovered amplifier of
inflammation expressed on monocytes/ macrophage and neutrophils, and TREM-2 an antiinflammatory marker secreted from macrophages, dendritic, and microglial cells play a key role
in many inflammatory diseases [237-239]. TREM-1 plays a potential role in the pathogenesis of
rheumatoid arthritis [240]. However, the role of TREM-1 and TREM-2 in OA is largely
unknown. Further, early innate response due to trauma to the joint results in the secretion of
adiponectin and leptin by adipose tissue [235, 241-243]. However the effect of vitamin D status
on the release of these adipokines in inflammatory knee joint is largely unknown. Since vitamin
D is an immunomodulatory and anti-inflammatory agent, supplementation of vitamin D may
affect the expression of TREM-1, TREM-2, adiponectin, and leptin but this association is
currently not well defined.
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Vitamin D deficiency and decreased expression of VDR is associated with increased
inflammation of epicardial fat, and vitamin D supplementation reduces the inflammation [158].
While studying the effect of vitamin D status on the development of atherosclerotic lesion in the
coronary artery in swine on high cholesterol and high fat diet, we observe increased
inflammation in the knee of the vitamin D deficient swine. Therefore we planned to evaluate the
effect of vitamin D status (deficient, sufficient and supplementation) on inflammation, TREMs,
adiponectin, leptin, and change in the histology of the knee joint tissues in these microswine. We
hypothesize that vitamin D supplementation should decrease the inflammation in the knee joint
tissue. The purpose of this study was to evaluate the beneficial immunomodulatory and antiinflammatory role of vitamin D in attenuating the inflammation in the knee.
7.3 Material and methods
7.3.1 Porcine Model: The study was conducted using Yucatan female microswine [154-155].
Research protocol (IACUC #0971) for conducting the study was approved by the Institutional
Animal Care and Use Committee of Creighton University. Yucatan microswine (30-40 lbs) were
purchased from Sinclair Laboratories, Columbia, MO, USA. Swine were kept in a controlled
environment throughout the study in the Animal Resource Facility at Creighton University,
Omaha, NE. NIH standards and USDA guidelines were followed for their care and experimental
protocol.

In this study 11 microswine were fed a pelleted high cholesterol diet (Teklad

Miniswine Diet, Harlan Laboratories) with 17.4% protein, 45.2 % carbohydrate and 10.0% fat by
weight. Of the total kilocalories from diet, 20.4% of the kilocalories were from protein, 53.1% of
the kilocalories were from carbohydrate and 26.4% of the kilocalories were from fat. Two swine
were fed with pelleted high fructose diet (5IU/g D, Fructose, 4% Chol, NaCh, G; Teklad
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Miniswine Diet, Harlan Laboratories) with 17.4% protein, 46.8 % carbohydrate and 10.0% fat by
weight. Of the total kilocalories from diet, 20.1% of the kilocalories were from protein, 54.0% of
the kilocalories were from carbohydrate and 26.0% of the kilocalories were from fat. The
pelleted diet was either deficient in Vitamin D (TD-150251), sufficient (TD-150250: 1.5 IU/g D,
HVO, 4% Chol, NaCh) with 1,500 IU/d of vitamin D3 or supplemented (TD-150252: 5 IU/g D,
HVO, 4% Chol, NaCh) with 5,000 IU/d of Vitamin D3. On the basis of our previous experience
and other studies, vitamin D3 supplementation of 1500 IU/day for sufficient and 5000 IU/ day
for supplemented group was added to achieve a normal (21-29 ng/m) and supplemented serum
levels of vitamin D in microswine [156-158]. Serum 25(OH) D levels were measured regularly.
Blood serum levels of vitamin D were measured and recorded. The swine were placed into three
respective categories based on the 25(OH) D levels. The 25(OH) D level parameters for the
classification were as follows: vitamin D deficient (VDDef) swine were ≤20 ng/ml, vitamin D
sufficient (VDSuff) swine were 30-44 ng/ml and vitamin D supplemented (VDSupp) swine
were >44 ng/ml. Five swine were included in VDDef, 5 swine in VDSuff and 3 swine were
included in VDSupp group for a total of 13 swine in this study. After one year of diet, the
microswine were euthanized and knee joint tissues were collected.
7.3.2 Tissue acquisition: The knee joint tissues (suprapatellar fat, quadriceps muscle, articular
cartilage of tibial tuberosity, patellar tendon, collateral ligaments, medial and lateral menisci,
infrapatellar fat pad, and synovial membrane) were harvested quickly after euthanasia,
transported to the laboratory and fixed in 4% formalin buffer for 24 hours. Each specimen was
transversely sectioned at 2mm, processed in Sakura Tissue Tek VIP Tissue Processor and
embedded in paraffin. Thin sections (5μm) were cut using a microtome (Leica, Germany) and
subsequently placed on slides for hematoxylin and eosin and immunofluorescence evaluation.
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7.3.3 Hematoxylin and Eosin staining of specimen: All the knee joint tissues were stained with
hematoxylin and eosin (H&E) following manufacturer’s standard protocol (Newcomer/supply).
Stained slides were analyzed for presence or absence of inflammation and fatty infiltration. All
the slides were reviewed by a board certified pathologist. All the images were scanned at 20 X
using Olympus inverted microscope (Olympus BX51) with a scale bar of 200μm. The average
adipocyte size in infra- and supra-patellar fat was calculated by selecting fifteen random
adipocytes in different swine group in each category using Image J software. Chondrocyte
counting was done in three high power field images and the average number of clustered
chondrocytes/total chondrocyte per high power field in each group was calculated. Areas of the
fatty infiltration were scanned and fatty infiltration within the matrix of muscle, tendon, and
ligament was calculated by measuring the area of all adipocyte present in the matrix followed by
calculating the percent infiltration area per field.
7.3.4 Histological analysis for proteoglycans, collagens, and matrix-metalloproteinases:
Tissue sections were stained with alcian blue staining. The stained slides were scanned by
Olympus microscope at 40X. The results of the stained slides were graded in a blinded manner
by a board certified pathologist on a scale of 0 to 5, where 0=minimal blue staining, 1=very weak
blue staining, 2=weak blue staining, 3=moderate blue staining, 4=strong blue staining, and
5=very strong blue staining.
Tissue sections were also stained with safranin-O and fast green. The stained sections
were scanned by Olympus microscope at 40X. The results of the stained slides were also graded
in a blinded manner on a scale of 0 to 5, where 0=minimal orange-red staining, 1=very weak
orange-red staining, 2=weak orange-red staining, 3=moderate orange-red staining, 4=strong
orange-red staining, and 5=very strong orange-red staining.
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Additionally, the tissue sections were stained with the Russel-Movat Pentachrome
staining for collagen and mucinous content of the cartilage in VDDef, VDSuff, and VDSupp
swine. The slides were double checked by the pathologist in a blinded manner. The stained slides
were scanned with Olympus microscope at 40X and graded on a scale of 0-5 for collagen
(yellow color) and mucinous substance (blue-green color), where 0=minimal yellow/blue-green
staining, 1=very weak yellow/blue-green staining, 2=weak yellow/blue-green staining,
3=moderate yellow/blue-green staining, 4=strong yellow/blue-green staining, and 5=very strong
yellow/blue-green staining.
7.3.5 Immunohistochemical staining
The tissue sections were also subjected to immunohistochemical staining (IHC) for
aggrecans and proteoglycans. The IHC staining was conducted as per the standard protocol in
our laboratory. Anti-goat aggrecan (Santa Cruz, sc-25674) for aggrecans in 1:50 dilution, antimouse decorins (DSHB, 6D6-c), and anti-mouse versican (DSHB, 12C5-c) antibodies in 1:100
dilution for proteoglycans were used as the primary antibody. Biotinylated secondary antibody
was used, and DAB was used as a fluorochrome to develop the slides. The slides were
counterstained with hematoxylin to stain the nuclei. The slides were blindly checked by the
pathologist. The total number of immunopositive cells for aggrecans, decorins, and versicans
were counted in three different images for all tissues using Image-J (NIH). Cell density per mm2
was calculated in VDDef, VDSuff, and VDSupp group.
7.3.6 Immunofluorescence study: Deparaffinization, rehydration, and antigen retrieval were
carried out prior to immunostaining. Immunofluorescence staining was done as per standard
protocol in our laboratory. Rabbit anti-TREM-1 (Cloud-Clone Corp. PAA213Po01), rabbit antiTREM-2 (Bioss Inc. bs-2723R), mouse anti-CD 14 (Abcam, ab182032) for macrophage, mouse
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anti-adiponectin (Abcam, ab22554), rabbit anti-leptin (Abcam, ab16227) at 1:200 dilution and
mouse anti- Neutrophil Elastase (Santa Cruz biotech. sc-53388) at 1:50 dilution were used as
primary antibodies. Alexa Fluor 594 (red) and Alexa Fluor 488 (green) conjugated secondary
antibodies (Invitrogen, Grand Island, NY, USA) at 1:500 dilution were used. The slides were
counterstained with DAPI (4, 6-diamidino-2-phenylindole) to stain nuclei. Negative controls
were run by using isotype antibody for each fluorochrome. Immunofluorescence microscopy was
done with an Olympus inverted fluorescent microscope (Olympus BX51). The images were
scanned at 20X and were reviewed by a board certified pathologist. Mean fluorescence
intensities (MFI) for TREM-1, TREM-2, adiponectin, and leptin was quantified by using ImageJ software (NIH). Two images from each swine in each group were taken for the measurement of
MFI. The numbers of TREM-2 and CD-14 dual positive cells were counted in five high power
fields for each tissue in all swine and the average number of TREM-2 and CD-14 dual positive
cells/mm2 were calculated for each group.
The analysis for the collagen I, II and III content in the VDDef, VDSuff, and VDsupp
swine were assessed by immunofluorescence staining. Anti-rabbit collagen I (Santa Cruz, sc30136), anti-goat collagen II (Santa Cruz, sc-389924), and anti-rabbit collagen III (Santa Cruz,
sc-28888) antibodies in a 1:50 dilution were used as primary antibodies. Alexa Fluor 594 (red)
and Alexa Fluor 488 (green) conjugated secondary antibodies (Invitrogen, Grand Island, NY,
USA) at 1:500 dilution were used. DAPI was used to stain the nuclei. The stained slides were
blindly double checked by the pathologist. Mean fluorescence intensity for collagen II was
calculated in three separate images for all swine in each group. Image-J (NIH) software was used
to analyze the MFI. Average MFI was calculated for the three different groups of swine.
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The analysis for the matrix-metalloproteinases (MMPs) in the VDDef, VDSuff, and
VDsupp swine were also assessed by immunofluorescence staining. Anti-goat MMP1 (Santa
Cruz, sc-21731), anti-mouse MMP2 (Santa Cruz, sc-53630), anti-mouse MMP8 (Santa Cruz, sc101450), anti-goat MMP9 (Santa Cruz, sc-6840), and anti-mouse MMP13 (Santa Cruz, sc101564) antibodies in a 1:50 dilution were used as primary antibodies. Alexa Fluor 594 (red) and
Alexa Fluor 488 (green) conjugated secondary antibodies (Invitrogen, Grand Island, NY, USA)
at 1:500 dilution were used. DAPI was used to stain the nuclei. The stained slides were blindly
double checked by the pathologist. Mean fluorescence intensity for MMP9 was calculated in the
three separate images for all swine in each group. Image-J (NIH) software was used to analyze
the MFI. Average MFI was calculated for the three different groups of swine.
7.3.7 Analysis of the vitamin D status with TREM-2 MFI, macrophage density,
chondrocyte density and clustering, and adipocyte area: To correlate the vitamin D status
with various parameters of interest, correlation analysis was performed. The average values for
the macrophage density in VDDef, VDSuff, and VDSupp group were converted into the log
values to make them in range of values for other parameters (to fit into the graph)
7.3.8 Statistical analysis: Results are presented as mean ± SD (N=3) for each parameter.
Wilcoxon Two Sample test was used for the statistical analysis of the significance between
VDDef, VDSuff and VDSupp group. A p value of <0.05 was considered significant. *p <0.05,
**p <0.01, ***p <0.001 and ****p <0.0001.
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7.4 RESULTS
7.4.1 Biochemical Parameters: The serum levels of vitamin D in beginning of the study were <
15ng/ml in deficient, 17.53± 1.13ng/ml in sufficient and 31.93 ± 3.04ng/ml in the supplemental
group. Experimental diets were started at the age of 6 months. After one year of experimental
diet, the mean serum 25(OH) D levels of the deficient group was 8.1 ± 1.13 ng/ml, mean
serum 25(OH) D for sufficient was 24.01 ± 0.72 ng/ml, and mean serum 25(OH) D levels for
supplemental was 52.58 ± 5.68 ng/ ml. the average levels of serum parathyroid hormone (PTH)
were 38.57 ± 5.75, 13.03 ± 3.23, 8.52 ± 2.19; serum calcium levels were 8.60 ± 0.78, 10.02 ±
0.22, 9.7 ± 0.05; serum cholesterol levels were 512.01 ± 56.9, 551.75 ± 45.03, 461 ± 43.08;
average weight (lbs) at the time of sacrifice were 95.96 ± 4.53, 112.24 ± 6.23, 128.11 ± 13.97 in
VDDef, VDSuff, and VDSupp swine respectively (Table 7.1).
Table 7.1: Baseline table for swine groups
Swine

Number Average

Average

Average vitamin D3

Average

group

of

weight at

weight at

levels at sacrifice

chondrocyte

swine

arrival (lbs)

sacrifice (lbs)

VD Def

5

28.95 ± 5.29

95.96 ± 4.53

8.1±1.13 ng/ml

≈50%

VD Suff

5

28.95 ± 5.29

112.24 ± 6.23

24.01±0.72 ng/ml

≈50%

VD Supp

3

35.05 ± 3.17

129.11 ± 3.97

52.58±5.68 ng/ ml

≈3% to 5%

clustering

The study included a total of 13 swine including 5 swine in VDDef, 5 in VDSuff, and 3 in
VDSupp group. Average vitamin D3 levels were measured after one year of vitamin D diet
intervention. Chondrocyte clustering was measured at 40X.
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7.4.2 Increased inflammation in vitamin D deficient group: Microscopic analysis of H& E
stained sections of infra-patellar fat (Figs. 7.1A, 7.1B, 7.1C), quadriceps muscle (Figs. 7.1D,
7.1E, 7.1F), patellar tendon (Figs. 7.1J, 7.1K, 7.1L), collateral ligaments (Figs. 7.1M, 7.1N,
7.1O), meniscal cartilage (Figs. 7.1P, 7.1Q, 7.1R), supra-patellar fat (Figs. 7.1S, 7.1T, 7.1U) and
synovial membrane (Figs. 7.1V, 7.1W, 7.1X)

showed increased inflammation in VDDef

compared to VDSuff, and VDSupp. The inflammation in VDSuff group was higher compared to
VDSupp group. In synovial membrane, there was mild inflammation and mild hyperplasia in
VDDef group, while VDSuff and VDSupp showed minimal changes. Inflammation was defined
on the basis of the presence of macrophages and/or neutrophils in the tissue matrix. Knee joint
tissues in the VDDef group showed the presence of many inflammatory cells along with the
cluster of inflammation (>4 inflammatory cells), while there were only occasional or few
inflammatory cells in VDSuff and VDSupp group (Table 7.2).
Table 7.2: Overview of all tissues in regards to inflammation and fatty infiltration
Swine

IP

SP

Muscle

Tendon

Ligament

Menisci

Synovial

Group

fat

fat

DOI

DOI

DOI

FI

DOI

FI

DOI

FI

DOI

DOI

++

++

+

Moderate

+++

Mild

+++

Minimal

+

++

membrane

VDDef
1

+
2

+++

+

Nil

Mild

++

Mild

++

Minimal

+

+

3

++

+

+

Mild

+++

Mild

+++

Mild

+

+

4

+++

++

+

Moderate

+

Moderate

++

Minimal

+

++

5

+++

+

Nil

Mild

++

Mild

++

Minimal

+

++
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VDSuff
1

+

Nil

Nil

Minimal

Nil

Minimal

Nil

Nil

Nil

+

2

+

Nil

+

Mild

+

Minimal

Nil

Nil

Nil

Nil

3

+

Nil

Nil

Mild

Nil

Minimal

+

Nil

Nil

Nil

4

Nil

Nil

Nil

Mild

Nil

Minimal

+

Nil

Nil

Nil

5

+

+

Nil

Mild

+

Mild

+

Mild

Nil

+

1

Nil

Nil

Nil

Mild

++

Minimal

+

Nil

Nil

Nil

2

Nil

Nil

Nil

Mild

Nil

Mild

+

Nil

Nil

Nil

3

Nil

Nil

Nil

Mild

Nil

Minimal

Nil

Nil

Nil

Nil

VDSupp

Inflammation in knee joint tissues (supra-patellar fat, infra-patellar fat, muscle, tendon,
ligament, and menisci) was subjectively graded on following criterion: nil- no inflammation; 1+ occasional inflammatory cells, 2+ -few inflammatory cells; 3+ -many inflammatory cells and 4+
-clumps or clusters of inflammatory cells. For inflammation in cartilage of all knee joints,
macrophage density was calculated. For objective grading of the inflammation, macrophage
density (CD14+ cells) in all the knee joint tissues was analyzed. Subjective grading of fatty
infiltration was based on following criterion: no fatty infiltration; minimal fatty infiltration- fatty
infiltration up to 5% of tissue area; mild fatty infiltration- fatty infiltration in 6-25% of tissue
area; moderate fatty infiltration- fatty infiltration in 25-50% of tissue area and severe fatty
infiltration- fatty infiltration in > 50% of tissue area. Further the percent fatty infiltration was
calculated and represented as percent fatty infiltration (Figure 7.2). DOI- degree of
inflammation; FI- fatty infiltration; IP fat- infra patellar fat; SP fat- supra patellar fat
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Figure 7.1: Hematoxylin and eosin staining of infra-patellar fat, muscle, articular cartilage,
tendon, ligament, meniscal cartilage, supra-patellar fat and synovial membrane. H&E
staining for the histology and inflammation in the vitamin D-deficient (VDDef), vitamin Dsufficient (VDSuff), and vitamin D-supplemented (VDSupp) group infrapatellar fat (A, B, C),
muscle (D, E, F), articular cartilage (G, H, I), tendon (J, K, L), ligament (M, N, O), menisci (P,
Q, R), suprapatellar fat (S, T, U), and synovial membrane (V, W, X). Arrows indicate the
presence of inflammatory cells in the tissue. These are the representative images of five swine
each in the VDDef and VDSuff groups and three swine in the VDSupp group.
7.4.3 Increased fatty infiltration in vitamin D deficient group: Histological analysis of H& E
stained sections of muscle, tendon and ligament showed increased fatty infiltration in VDDef
group (Figs. 7.2A, 7.2D, 7.2G) compared to VDSuff (Figs. 7.2B, 7.2E, 7.2H) and VDSupp (Figs.
7.2C, 7.2F, 7.2I) group. There was minimal fatty infiltration in VDSuff group, and no fatty
infiltration in VDSupp group. Fatty infiltration was defined as presence of adipocytes between
muscle, tendon and ligament fibers, i.e. not simply next to the structure but interspersed within
the structure. Percent fatty infiltration per field was calculated in VDDef, VDSuff, and VDSupp
group (Fig. 7.2 S). Presence of adipocyte interspersed with in the structure was further confirmed
with oil red O staining and immunopositivity for adiponectin around the adipocyte (Data not
shown).
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Figure 7.2: Hematoxylin and eosin staining of muscle, tendon, ligament and synovial
membrane in vitamin D-deficient (VDDef), vitamin D-sufficient (VDSuff), and vitamin Dsupplemented (VDSupp) groups: Fatty infiltration in quadriceps muscle (Panels A, B, and C),
patellar tendon (Panels D, E, and F), and collateral ligaments (Panels G, H, and I). Chondrocyte
clustering (×40 original magnifications) in the VDDef and VDSuff groups compared with the
VDSupp group (Panels J, K, and L), adipocyte area in infrapatellar (Panels M, N, and O) and
suprapatellar fat pads (Panels P, Q, and R). The percentage of fatty infiltration per high-power
field (Panel S); average total and clustered chondrocytes (Panel T); average adipocyte area
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(Panel U). Arrows indicate the presence of adipocytes within the matrix of the tissue and
chondrocyte clustering. These are the representative images of five swine each in the VDDef and
VDSuff groups and three swine in the VDSupp group. Data are shown as mean ± SD (n=3). *p <
0.05, **p< 0.01
7.4.4 Increased chondrocyte clustering in vitamin D deficient and sufficient group:
Histological analysis of articular cartilage of VDDef, VDSuff, and VDSupp groups showed
chondrocyte clustering in VDDef and VDSuff groups (Figs 7.2J, 7.2K) compared to VDSupp
group (Fig. 7.2 L). Quantitation of chondrocytes per high power field showed that in VDDef and
VDSuff nearly 50% chondrocytes are clustered while it is only 3-4% in VDSupp group (Figures
7.2T and 7.3C; Table 7.1).
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Figure 7.3: Analysis of changes in inflammation, fatty infiltration, adipocyte area, and
chondrocyte clustering by vitamin D status in knee joint tissues. A- Macrophage density (per
square millimeter, logarithm values), triggering receptor expressed on myeloid cells (TREM)-2
mean fluorescence intensity (MFI), and adipocyte area (per square millimeter) in infrapatellar
fat. B- Macrophage density (per square millimeter), TREM-2 MFI, and fatty infiltration
(percentage of area, logarithm values) in muscle. C- Macrophage density (per square millimeter,
logarithm values), TREM-2 MFI, and chondrocyte clustering (clustered/total chondrocytes,
logarithm values) in articular cartilage. D- Macrophage density (per square millimeter), TREM-2
MFI, and fatty infiltration (percentage of area, logarithm values) in tendon. E- Macrophage
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density (per square millimeter), TREM-2 MFI, and fatty infiltration (percentage of area) in
ligament. F- Macrophage density (per square millimeter) and TREM-2 MFI in menisci. GMacrophage density (per square millimeter, logarithm values), TREM-2 MFI, and adipocyte area
(per square millimeter) in suprapatellar fat. H- Macrophage density (per square millimeter,
logarithm values) and TREM-2 MFI in synovial membrane
7.4.5 Increased adipocyte size in vitamin D deficient and sufficient group: Analysis of the
average adipocyte area in supra- (Figs. 7.2M, 7.2N, 7.2O) and infra-patellar (Figs. 7.2P, 7.2Q,
7.2 R) fat pad revealed significantly increased adipocyte size in VDDef group compared to
VDSuff and VDSupp group (Fig. 7.2 U).
7.4.6 Decreased expression of aggrecans and proteoglycans in vitamin D deficient group:
Analysis of Alcian blue, Safranin-O Fast Green, and modified Russell-Movat pentachrome
staining and immunohistochemistry for proteoglycans (aggrecans, decorins, and versicans)
showed decreased expression of matrix substance and proteoglycans in the VDDef group (Fig.
7.4 A, D, G, J, M, and P) compared with the VDSuff (Fig. 7.4B, F, H K, N and Q) and VDSupp
(Fig. 4C, F, I, L, O, and R) groups. Comparison of the VDSuff group with the VDSupp group
revealed increased expression of proteoglycans in the VDSuff group compared with the VDSupp
group (Fig. 7.4). Proteoglycan and matrix substance expression in the VDSuff group swine was
nonuniform, whereas the expression in the VDSupp group was uniform (Fig. 7.4, Table 7.1).
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Figure 7.4: Alcian blue, Safranin-O Fast Green, modified Russell-Movat Pentachrome, and
immunohistochemical staining for matrix substance and proteoglycans (aggrecans,
decorins, and versicans). Alcian blue (Panels A, B, and C), Safranin-O Fast Green (Panels D, E,
and F), modified Russel-Movat Pentachrome (Panels G, H, and I), aggrecans (Panels J, K, L),
decorins (Panels M, N, and O), and versicans (Panels P, Q, and R) in the vitamin D-deficient
(VDDef), vitamin D-sufficient (VDSuff), and vitamin D-supplemented (VDSupp) groups of
swine. These are the representative images of five swine each in the VDDef and VDSuff groups
and three swine in the VDSupp group.
7.4.7 Increased leptin and decreased adiponectin expression in vitamin D deficient swine:
Immunofluorescence studies of infra-patellar and supra-patellar fat revealed higher
immunoreactivity of leptin and lesser immunoreactivity for adiponectin in VDDef (Figs. 7.5A,
7.5J, Figs. 7.6A, 7.6J) swine compared to VDSuff (Figs. 7.5D, 7.5M, Figs. 7.6D, 7.6M) and
VDSupp (Figs. 7.5G, 7.5P, Figs. 7.6G, 7.6P) group. The mean fluorescence intensity of leptin
was higher and of adiponectin was lower in VDDef group compared to VDSuff and VDSupp
group (Figs. 7.5S, 7.5T).
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Figure 7.5: Immunofluorescence staining for adiponectin and leptin in infra- and suprapatellar fat pad. Immunofluorescence staining in VDDef, VDSuff and VDSupp group infrapatellar fat for adiponectin (panels A, D, and G), leptin (Panels J, M, and P), DAPI (Panels B, E,
H, K, N, and Q), merged adiponectin-DAPI (Panels C, F, and I), and merged leptin-DAPI (Panels
L, O, and R). Mean fluorescence intensity of adiponectin and leptin with average adipocyte
count (Panel S) in infrapatellar fat, and MFI of adiponectin and leptin with average adipocyte
count in supra-patellar fat (Panel T) of VDDef, VDSuff, and VDSupp swine. These are the
representative images of 5 swine each in VDDef and VDSuff and 3 swine in VDSupp group.
Data are shown as mean ± SD (n=3); *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
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Figure 7.6: Immunofluorescence staining for adiponectin and leptin in supra-patellar fat
pad. Immunofluorescence staining in VDDef, VDSuff, and VDSupp group supra-patellar fat for
adiponectin (Panels A, D, and G), leptin (Panels J, M, and P), DAPI (Panels B, E, H, K, N, and
Q), merged adiponectin-DAPI (Panels C, F, and I) and merged leptin-DAPI (Panels L, O, and R).
These are the representative images of 5 swine each in VDDef and VDSuff and 3 swine in
VDSupp group.
7.4.8 Increased expression of TREM-2 in vitamin D sufficient and supplement group:
Immunofluorescence studies of articular cartilage (Figs. 7.7A, 7.7E, 7.7I), synovial membrane
(Figs. 7.8A, 7.8E, 7.8I), infra-patellar fat (Figs. 7.9A, 7.9E, 7.9I), quadriceps muscle (Figs.7.9M,
7.9Q, 7.9U), patellar tendon (Figs. 7.10A, 7.10E, 7.10I), collateral ligaments (Figs. 7.10M,
7.10Q, 7.10U), meniscal cartilage (Figs. 7.11A, 7.11E, 7.11I) and supra-patellar fat (Figs.
7.11M, 7.11Q, 7.11U) revealed higher immunoreactivity for TREM-2 in VDSuff and VDSupp
group compared to VDDef group (Fig. 7.3). The mean fluorescence intensity of TREM-2 was
significantly higher (Fig. 7.7A) in VDSuff and VDSupp group compared to VDDef group. The
co-localization of TREM-2 with macrophage was observed more in VDDef and VDSuff
compared to VDSupp group. I found very minimal positivity for TREM-1 in articular cartilage,
tendon, ligament and supra-patellar fat (Figs. 7.12A, 7.12E, 4I, 7.12M).
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Figure 7.7: Immunofluorescence staining for TREM-2 and macrophage (CD14) and colocalization of TREM-2 with CD 14+ cells in articular cartilage and synovial membrane.
Immunofluorescence staining for TREM-2 (Panels A, E, I, M, Q, and U), CD14 (Panels B, F, J,
N, R, and V), DAPI (Panels C, G, K, O, S, and W) and merged images for examining colocalization of TREM-2 and CD14 (Panels D, H, L, P, T, and X). Arrows shows the colocalization of TREM-2 with CD14. These are the representative images of 5 swine each in
VDDef and VDSuff and 3 swine in VDSupp group.
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Figure 7.8: Analysis of TREM-2 immunoreactivity and macrophage density: Mean
fluorescence intensity of TREM-2 (Panel A) and number of macrophage CD14+ cells (Panel B)
in VDDef (N=5), VDSuff (N=5) and VDSupp (N=3) group infra-patellar fat, muscle, articular
cartilage, tendon, ligament, menisci, supra-patellar fat, and synovial membrane. Comparative
analysis was done between VDDef group, and VDSuff and VDSupp groups. Data are shown as
mean ± SD; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
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Figure 7.9: Immunofluorescence staining for TREM-2 and macrophage (CD14) and colocalization of TREM-2 with CD 14+ cells in infra-patellar fat and muscle.
Immunofluorescence staining for TREM-2 (Panels A, E, I, M, Q, and U), CD14 (Panels B, F, J,
N, R, and V), DAPI (Panels C, G, K, O, S, and W) was performed and merged for examining colocalization of TREM-2 and CD14 (Panels D, H, L, P, T, and X). Arrows show the colocalization of TREM-2 with CD14+ cells. These are the representative images of 5 swine each
in VDDef and VDSuff and 3 swine in VDSupp group.
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Figure 7.10: Immunofluorescence staining for TREM-2 and macrophage (CD14) and colocalization of TREM-2 with CD 14+ cells in tendon and ligament. Immunofluorescence
staining for TREM-2 (Panels A, E, I, M, Q, and U), CD14 (Panels B, F, J, N, R, and V), DAPI
(Panels C, G, K, O, S, and W) was performed and merged for examining co-localization of
TREM-2 and CD14 (Panels D, H, L, P, T, and X). Arrows show the co-localization of TREM-2
with CD14+ cells. These are the representative images of 5 swine each in VDDef and VDSuff
and 3 swine in VDSupp group.
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Figure 7.11: Immunofluorescence staining for TREM-2 and macrophage (CD14) and colocalization of TREM-2 with CD14+ cells in menisci and supra-patellar fat.
Immunofluorescence staining for TREM-2 (Panels A, E, I, M, Q, and U), CD14 (Panels B, F, J,
N, R, and V), DAPI (Panels C, G, K, O, S, and W) was performed and merged for examining colocalization of TREM-2 and CD14 (Panels D, H, L, P, T, and X). Arrows shows the colocalization of TREM-2 with CD14. These are the representative images of 5 swine each in
VDDef and VDSuff and 3 swine in VDSupp group.
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Figure 7.12: Immunofluorescence staining for TREM-1 and macrophage (CD14) and colocalization of TREM-1 with CD 14+ cells in articular cartilage, tendon, ligament, and
supra-patellar fat. Immunofluorescence staining for TREM-1 (Panels A, E, I, and M), CD14
(Panels B, F, J, and N), DAPI (Panels C, G, K, and O) was performed and merged for examining
co-localization of TREM-1 and CD14 (Panels D, H, L, and P). Arrows shows the co-localization
of TREM-1 with CD14. These are the representative images of 5 swine each in VDDef and
VDSuff and 3 swine in VDSupp group.
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7.4.9 Decreased expression of collagen II and increased expression of MMP9 in vitamin D
deficient group: Immunofluorescence staining for collagen I, II, and III revealed higher
immunoreactivity of collagen II compared to collagen I and III in all cartilage tissues (Figures
7.13A, 7.13D, 7.13G). The immunofluorescence studies for collagen II revealed decreased
immunoreactivity in VDDef group compared to VDSuff and VDSupp groups (Figs.7.14A,
7.14D, 7.14G), and in VDSuff group compared to VDSupp group (Figs. 7.14D, 7.14G). The
immunofluorescence showed no immunoreactivity for MMP1, 2, and 13 (Figures 7.15A, 7.15D,
7.15M),

very

minimal

immunoreactivity

for

MMP8

(Figure

7.15G),

and

higher

immunoreactivity for MMP9 (Figure 7.15J) in VDDef VDSuff and VDSupp swine. The
immunoreactivity of MMP9 was higher in VDDef group compared to VDSuff and VDSupp
group (Figures. 7.14J, 7.14M, 7.14P), and in VDSuff group compared to VDSupp group
(Figures. 7.14M, 7.14P). Mean fluorescence intensity of collagen II (Figure 7.14S) and MMP9
(Figure 7.14T) was significantly higher in VDDef compared to VDSuff and VDSupp group, and
in VDSuff compared to VDSupp group.
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Figure 7.13: Immunofluorescence staining for collagen I, II and III in articular cartilage.
Immunofluorescence staining for collagen I (Panel A), collagen II (Panel D), collagen III (Panel
G), DAPI (Panels B, E, and H), merged images (Panels C, F, and I). These are the representative
images of 5 swine each in VDDef and VDSuff and 3 swine in VDSupp group.
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Figure 7.14: Immunofluorescence studies for collagen II and MMP-9 in cartilage.
Immunofluorescence staining for collagen II (Panels A, D, and G), MMP9 (Panels J, M, and P),
DAPI (Panels B, E, H, K, N, and Q), and merged images (Panels C, F, I, L, O, and R), mean
fluorescence intensity for collagen II (Panel S) and MMP9 (Panel T). These are the
representative images of 5 swine each in VDDef and VDSuff and 3 swine in VDSupp group.
Data are shown as mean ± SD; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
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Figure 7.15: Immunofluorescence staining for MMP-1, -2, -8, -9, and -13 in articular
cartilage. Immunofluorescence staining for MMP1 (Panel A), MMP2 (Panel D), MMP8 (Panel
G), MMP9 (Panel J), MMP13 (Panel M), DAPI (Panels B, F, H, K, N, and Q), and merged
images (Panels C, F, I, L, O, and R). These are the representative images of 5 swine each in
VDDef and VDSuff and 3 swine in VDSupp group.
7.4.10 Increased number of macrophages in vitamin D deficient group: Dual
immunofluorescence study of TREM-2 and macrophage for supra-patellar, infra-patellar fat,
muscle, tendon, ligament, meniscal cartilage, articular cartilage and synovial membrane showed
significantly increased number of macrophage in VDDef group compared to VDDsuff and
VDSupp group (Figure 7.8). Higher numbers of CD 14+ cells were found co-localized with
TREM-2 in VDDef group compared to VDDsuff and VDSupp group (Fig.7.8B). Few
macrophages co-localized with TREM-1 in articular cartilage, tendon, ligament and suprapatellar fat in VDDef group was also observed (Figure 7.12). Dual immunofluorescence of
TREM-1, TREM-2 and neutrophils showed no positivity for neutrophil elastase suggesting the
absence of neutrophils in the knee joint tissues (Data not shown).
7.5 Discussion
We found increased inflammation in knee joint tissues, fatty infiltration in quadriceps
muscle, patellar tendon, collateral ligaments, and chondrocyte clustering in VDDef and VDSuff
group compared to VDSupp group by microscopic analysis of H & E staining further supported
by immunofluorescence studies. Inflammation and fatty infiltration may render the muscle
weakness and contribute to OA [134, 151]. The architectural changes or distortion of the normal
architecture in quadriceps muscles, patellar tendon and collateral ligaments with the foci of
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inflammation and fatty infiltration suggest that inflammation and fatty infiltration can change the
knee joint morphology in vitamin D deficiency. The absence of architectural changes and fatty
infiltration in VDSupp group suggest the potential beneficial role of vitamin D in decreasing the
inflammation and fatty infiltration in knee joint tissues. These results are in accordance with the
previous studies suggesting the restorative effect of muscle weakness with vitamin D
supplementation [134]. The distortion of the muscle structure may lead to muscle weakness and
it has been suggested that muscle weakness is an early symptom of OA. Low levels of vitamin D
are associated with muscle weakness and impaired function [152]. Muscle weakness results in a
decrease in shock absorbing capacity in the knee joint and precedes and mediates the cartilage
degeneration [61, 151]. Our findings would suggest a role for vitamin D supplementation in
decreasing inflammation in tendon and ligament in addition to these beneficial effects on muscle.
Obesity has long been considered as a risk factor for osteoarthritis. Due to the extension
of metabolic effects of obesity to the fat depots in the knee joint, supra-patellar fat (SPF) and
infra-patellar fat (IPF), inflammation in SPF and PPF may play a significant role in knee joint or
patella-femoral joint OA [244-245]. White adipocytes acting as endocrine cells secrete
adipokines and cytokines which regulate various functions in the human body including
angiogenesis and immune response [246]. Histological analysis of knee joint tissues revealed the
inflammation in IPF and SPF mainly in VDDef swine compared to minimal inflammation in
VDSuff group and no inflammation in VDSupp group. We further stained these tissues for
adipokines adiponectin and leptin. Immunofluorescence studies revealed lower levels of
adiponectin and higher levels of leptin in VDDef group compared to VDSuff and VDSupp
group. Adiponectin may play a protective role in the pathogenesis of OA by increasing
expression of tissue inhibitors of metalloproteinases (TIMPs) and decreasing matrix
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metalloproteinases (MMPs) and possess several anti-inflammatory activities by suppression of
nuclear factor-kappa B (NF-κB), interleukin (IL)-6 and tumor necrosis factor (TNF)-α [235].
Increased expression of adiponectin in VDSupp group may also suggest a role of vitamin D in
decreasing inflammation and increased production of adiponectin to protect the knee joint.
Increased levels of leptin are detrimental to chondrocytes and are associated with cartilage
degeneration and volume loss [241-242]. In accordance with these studies, we also found the
decreased adiponectin and increased leptin level in VDDef group compared to VDSuff and
VDSupp suggesting the role of vitamin D in enhancing adiponectin and attenuating the leptin
levels, probably by decreasing the inflammation.
Fatty infiltration of the quadriceps muscle, patellar tendon, and collateral ligaments was
associated with increased inflammation in areas of fatty infiltration in VDDef and VDSuff
groups. There was only minimal inflammation in VDSupp group. Immunofluorescence studied
of knee joint tissues for TREM-1 and TREM-2 showed minimal immunoreactivity for TREM-1,
but to our surprise, all the tissues in VDDef, VDSuff, and VDSupp groups showed
immunoreactivity for TREM-2, although TREM-2 immunoreactivity was higher in VDSupp
group compared to VDDef and VDSuff group. As literature suggest that TREM-1 expression
increases during inflammation [237-239], in our study only a few tissues showed TREM-1
immunoreactivity. The high TREM-2 immunoreactivity in VDDef group in inflamed tissues was
of interest, so we did the dual immunofluorescence study of TREM-1, TREM-2 with
macrophage and neutrophils. Dual immunofluorescence revealed higher number and
colocalization of macrophage with TREM-2 in VDDef group. This suggests that higher TREM-2
expression in presence of macrophage may be due to the protective response or innate immunity
of the body. Since macrophage populations are highly heterogeneous, there may be a role of
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change in the heterogeneity of macrophage in OA. The lower immunoreactivity for TREM-1 and
higher immunoreactivity for TREM-2 also suggest a predominance of M2 macrophages, the antiinflammatory macrophages compared to M1 macrophages which are pro-inflammatory. The
change in the heterogeneity of the macrophage plays a role in bone remodeling or osteogenesis
by changing the microenvironment [247], but the role of the heterogeneity in the pathogenesis of
OA needs to be determined. Further, the absence of neutrophils and presence of macrophage
only as the inflammatory cells suggest the chronicity of inflammation in knee joint [248-249]
and a possible role of macrophages in the inflammatory response. The pleiotropic effect in
immune cells including macrophage and an immunomodulatory role of vitamin D in various
immune cells and diseases has been discussed in the literature [250]. The role of vitamin D in
blocking the inflammatory cytokines, cell proliferation, and angiogenesis in the context of
various diseases has been studied and potential beneficial immunomodulatory and antiinflammatory role has been elucidated [251-252]. In this study, the higher expression of TREM2 in VDSupp group suggests the anti-inflammatory role of vitamin D in knee joint tissues. The
decreased colocalization of TREM-2 with macrophages in dual immunofluorescence studies in
VDSupp compared to VDDef group further support the anti-inflammatory role of vitamin D.
These findings are in accordance with previous studies suggesting decreased vitamin D receptor
expression during inflammation and inflammation attenuating effect of vitamin D
supplementation [158, 253].
Loss of cartilage volume and subchondral bone is the primary pathophysiology of OA.
Prevention of bone damage to reduce progression of cartilage damage and loss may reduce the
severity and progression of OA [254] and vitamin D can play an important role in attenuating
bone damage [138]. Clustering of chondrocytes in degenerating cartilage has been suggested as a
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hallmark of OA and classified as Grade 2 of cartilage degeneration by International Cartilage
Repair Society [255-256]. We found the chondrocyte clustering (50% of the total chondrocytes)
in VDDef and VDSuff group and only 3% clustering in VDSupp group. It was also observed that
chondrocyte clustering was more prominent toward the edges of cartilage. These data suggest
that vitamin supplementation may be the reason behind the decreased clustering in VDSupp
group. As the chondrocyte clustering is associated with cartilage degeneration, supplementation
of vitamin D may act as an intervening agent to decrease the progression of cartilage loss. It has
also been suggested that clustered chondrocyte near the degenerating cartilage has the progenitor
characteristics with proliferative potential [256]; vitamin D being a proliferative agent may act as
adjunct therapy.
Matrix degeneration occurs due to increased levels of degrading enzymes and the activity
of these metalloproteinase enzymes is modulated by vitamin D. Low levels of vitamin D may
lead to an increased production of MMPs [257]. Vitamin D3 may also potentiate the MMPs
expression in activated chondrocyte facilitating intrinsic chondrolysis in presence of proinflammatory cytokines, and suppress the MMPs in activated synovial fibroblasts to decrease the
chondrolysis. Hence vitamin D may not directly affect the MMPs and can modulate production
of other cytokines involved in process of chondrolysis [258]. Although serum vitamin D at
baseline level has an association with OA, a low vitamin D level did not predict the loss of
articular cartilage or narrowing of the joint space [259]. However, the higher levels of vitamin D
have been associated with higher rate of hospitalization of the knee or hip joint OA [260]. Hence
there is a need to further research the role of vitamin D in the pathogenesis of osteoarthritis.
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7.6 Conclusion
In conclusion, vitamin D supplementation is associated with attenuation of inflammation,
fatty infiltration, chondrocyte clustering and preservation of the tissue architecture. The
histological and immunofluorescence results are closely related and thus validating the
microscopic findings. The results of this study have demonstrated the potential beneficial effect
of vitamin D in decreasing the inflammation and fatty infiltration in the knee joint which may
decrease the pain and disability. However, the role of vitamin D supplementation in attenuating
the inflammation and progression of cartilage loss needs to be investigated. Further, proinflammatory cytokines including IL-33, IL-6, IL-1β, and TNF-α; anti-inflammatory cytokine
IL-37 and vitamin D plays a role in macrophage differentiation and polarization. However, the
immunomodulatory effect of these molecules on inflammation and macrophage polarization
needs to be evaluated.
7.7 Limitation of the Study
The limitation of this study was the absence of control domestic swine with a normal diet.
Another limitation may be the small sample size in VDSupp group. Despite these limitations, the
attenuation of inflammation and fatty infiltration in VDSupp group by vitamin D paves a new
idea for further research on the role of vitamin D in OA pathogenesis.
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Original Article 5
Immunomodulatory role of Vitamin D on the mediators of Inflammation in
Hyperlipidemic Microswine
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8.1 Abstract: The chronic joint inflammation leads to an increase in pro-inflammatory and prodamage mediators in the joint and results in enhanced cartilage degeneration leading to the
chronic debilitating disease called as osteoarthritis (OA). Inflammation with in the joint may be
due to an increased accumulation of pro-inflammatory cytokines including IL-1β, IL-6, IL-33,
and TNF-α or due to the accumulation of inflammatory cells mainly macrophages. Chronic
inflammation in the joint may also be due to deficiency of vitamin D which in turn is associated
with increased incidence and prevalence of OA. In the previous studies, the increased
inflammation and cartilage degenerating effect of IL-33, HMGB-1, and LPS, beneficial effects
of IL-37 and vitamin D supplementation in decreasing inflammation and cartilage damage has
been discussed. In this study, we have elucidated the effect of vitamin D3 (calcitriol) on IL-33,
rHMGB-1, and LPS, the mediators of inflammation and pro-damage mediators and on
macrophage polarization. The results of this study showed that calcitriol has an inhibitory effect
on effects of IL-33, rHMGB-1, and LPS on the increased expression of IL-33, TLR2, TLR-4,
NF-κB, IL-6, TNF-α, HMGB-1, RAGE, MMP-2, and MMP-9. Further, vitamin D
supplementation was found associated with an increased expression of M2 macrophage and
decreased expression of IL-33, IL-37, TLR2, TLR-4, IL-6, TNF-α, MMP-2, and MMP-9. These
results suggest that vitamin D supplementation decreases the expression of the mediators of
inflammation and pro-damage mediators as well as the stimulatory effect of IL-33, rHMGB-1,
and LPS on mediators of inflammation. Thus, vitamin D supplementation is beneficial in
decreasing the inflammation and cartilage degeneration in the joint. Hence, vitamin D
supplementation may be a novel therapeutic strategy in decreasing the ailments of osteoarthritis.
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8.2 Introduction
Osteoarthritis (OA), a degenerative joint disease of the articular cartilage is a result of
imbalanced regenerative and degenerative process of the cartilage with predominant
degenerative factors mediating the cartilage damage and development of OA. Recent studies
have suggested a role of inflammation in the pathogenesis of OA, being damage associated
molecular patterns (DAMPs) as instigators and macrophage as the main effectors of
inflammation [4, 188-189]. The role of pro-inflammatory cytokines including IL-6, IL-1β, TNFα, IL-33, and IL-8 secreted as a result of activation of downstream pro-inflammatory signaling
and anti-inflammatory cytokines including IL-10 and IL-37 in inflammation, macrophage
polarization, and osteoarthritis has been reported [6, 126, 128-129, 190, 200, 215-217, 222].
These studies have signified the role of inflammation in OA and suggested that suppression of
inflammation may attenuate the cartilage damage and progression of OA [4]. Our previous study
has reported the presence of high density of macrophage in association with increased expression
of mediators of inflammation suggesting the probable role of the macrophage in cartilage
degeneration [4]. Further, it was also found that vitamin D supplementation is associated with
increased M2 macrophage density and increased TREM-2 expression.
The M2 macrophages (alternatively activated macrophages) have anti-inflammatory
function and play a central role in anti-inflammatory response and tissue remodeling. The density
of M2 macrophages predominates in the later phase of inflammation to subside the inflammatory
response. M1 macrophages (classically activated macrophages) are pro-inflammatory
macrophages and play a central role in the host defense against infection. The process of
initiation, development, and cessation of inflammation is regulated by the transformation of
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macrophages into different phenotypes termed as macrophage polarization [25-26]. The role of
recently identified cytokines, IL-33 in amplifying the polarization of classically (M1) and
alternatively (M2) activated macrophages and IL-37 towards the alternatively (M2) activated
macrophages has been discussed in allergic and airway inflammatory diseases [28-33]. Vitamin
D plays a role in macrophage differentiation [261]. Moreover, the association of vitamin D
deficiency with the incidence and prevalence of OA is well known [137, 151, 262-263].
Collectively, these studies suggest the role of the M1 macrophage in inflammation and the role
of IL-33, IL-37, and vitamin D in macrophage differentiation and polarization. Further, these
molecules also play a role in osteoarthritis and this suggests that interaction of these molecules
may play a role in the pathogenesis of OA as well as a therapeutic role in OA.
Vitamin D deficiency is associated with chronic inflammation and increased expression
of pro-inflammatory cytokine IL-33 which increases the secretion of other pro-inflammatory
cytokines namely IL-4, IL-5, IL-6, IL-8, and IL-13 associated with the pathogenesis of OA [123,
191, 264-266]. Research and epidemiological studies have documented the association between
cartilage degeneration, joint space narrowing, development and incidence of OA and lower
plasma levels of vitamin D suggesting a potential role of vitamin D deficiency in the
pathogenesis of OA [136-139, 262, 267]. However, there are conflicting results for the
association between vitamin D deficiency and OA pathogenesis [142, 260]. OA is also
associated with polymorphism of VDR gene, the receptor for vitamin D biological activity [146148, 268]. The weakness of the quadriceps muscles, fatty infiltration in the muscles, tendon, and
ligaments renders the weakness and a decreased weight-bearing capacity of the joint [188-189],
and the presence of these factors have been associated with vitamin D deficiency [4, 151].
Further, chronic inflammation in obesity, a major risk factor for OA, is associated with vitamin
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D deficiency. Moreover, the association of vitamin D deficiency with chronic inflammation
suggests that the concurrent presence of inflammation and vitamin D deficiency may paramount
each other to have a detrimental effect on the cartilage mediating cartilage loss. Thus, vitamin D
supplementation to decrease the inflammation, fatty infiltration, and strengthen the muscles may
decrease the cartilage loss and progression of OA. However, the role of vitamin D in preventing
the onset and worsening of OA is debatable [4, 136, 138, 262, 267, 269-270]. These studies
suggest that vitamin D deficiency is implicated in structural change and degeneration of cartilage
and vitamin D supplementation may attenuate this process [145].

In this study, we have

investigated the effects of vitamin D deficiency and supplementation on inflammation, the
expression levels of IL-33, IL-37, and macrophage M1 and M2 markers with a hypothesis that
vitamin D supplementation will decrease inflammation and pro-inflammatory cytokines.
8.3 Material and methods
8.3.1 Porcine Model: The study was conducted using Yucatan female microswine [154-155].
Research protocol (IACUC #0971) for conducting the study was approved by the Institutional
Animal Care and Use Committee at Creighton University. Yucatan microswine (30-40 lbs) were
purchased from Sinclair Laboratories, Columbia, MO, USA. Swine were kept in a controlled
environment throughout the study in the Animal Resource Facility of Creighton University,
Omaha, NE. NIH standards and USDA guidelines were followed for their care and experimental
protocol. In this study, microswine were fed a pelleted high cholesterol diet (Teklad Miniswine
Diet, Harlan Laboratories) with 17.4% protein, 45.2 % carbohydrate and 10.0% fat by weight. Of
the total kilocalories from diet 20.4% of the kilocalories were from protein, 53.1% of the
kilocalories were from carbohydrate and 26.4% of the kilocalories were from fat. The pelleted
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diet was either deficient in Vitamin D (TD-150251), sufficient (TD-150250: 1.5 IU/g D, HVO,
4% Chol, NaCh) with 1,500 IU/d of vitamin D3 or supplemented (TD-150252: 5 IU/g D, HVO,
4% Chol, NaCh) with 5,000 IU/d of Vitamin D3. On the basis of our previous experience and
other studies, vitamin D3 supplementation of 1500 IU/day for sufficient and 5000 IU/ day for
supplemented group was added to achieve a normal (21-29 ng/m) and supplemented serum
levels of vitamin D in microswine [156-158]. Serum 25(OH) D levels were measured regularly.
Blood serum levels of vitamin D were measured and recorded. The swine were placed into three
respective categories based on the 25(OH) D levels. The 25(OH) D level parameters for the
classification were as follows: vitamin D deficient (VDDef) swine were ≤20 ng/ml, vitamin D
sufficient (VDSuff) swine were 30-44 ng/ml and vitamin D supplemented (VDSupp) swine
were >44 ng/ml. Five swine were included in VDDef, 10 swine were included in VDSuff and 5
swine were included in VDSupp group for a total of 20 swine in this study. After one year of
diet, the microswine were euthanized and the knee joint tissues were collected.
8.3.2 Tissue acquisition: The knee joint tissues (suprapatellar fat, quadriceps muscle, articular
cartilage of tibial tuberosity, patellar tendon, collateral ligaments, medial and lateral menisci,
infrapatellar fat pad, and synovial membrane) were harvested quickly after euthanasia,
transported to the laboratory and fixed in 4% formalin for 24 hours. Each specimen was
transversely sectioned at 2mm, processed in Sakura Tissue Tek VIP Tissue Processor and
embedded in paraffin. Thin sections (5μm) were cut using a microtome (Leica, Germany) and
subsequently placed on slides for hematoxylin and eosin and immunofluorescence evaluation.
8.3.3 Immunofluorescence study: Deparaffinization, rehydration, and antigen retrieval were
done prior to immunostaining. Immunofluorescence staining was done as per standard protocol
in our laboratory. The tissues were incubated with rabbit anti-CD86 (ab53004) for M1a, rabbit
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anti-CD206 (ab64693) for M2a, rabbit anti-CD163 (ab87099) for M2b, rat anti-IL-10 (JES319F1) for M2c, mouse anti-CD 14 (ab182032) for macrophage, rabbit anti-IL37 (ab153889) at
1:200 dilution, rabbit anti-ST2 (06-1116) at 1:100 dilution and goat anti-TLR2 (sc-8690), rabbit
anti-TLR4 (sc-10741), mouse anti-MyD88 (sc-136970), and rabbit anti-IL33 (sc-98659) at 1:50
primary antibodies overnight at 4oC. This was followed by washing with PBS and incubation
with Alexa Fluor 594 (red) and Alexa Fluor 488 (green) conjugated secondary antibodies
(Invitrogen, Grand Island, NY, USA) at 1:1000 dilution for 1 hour at room temperature. DAPI
(4, 6-diamidino-2-phenylindole) with mounting medium was used to stain nuclei. Negative
controls were run by using isotype antibody for each fluorochrome. Immunofluorescence
microscopy was done with an Olympus inverted fluorescent microscope (Olympus BX51). The
images were scanned at 20 and 40 X and were reviewed by a two independent observer blindly.
Mean fluorescence intensity (MFI) for CD86, CD206, IL-33, IL-37, TLR-2, and TLR-4 was
quantified by Image-J software (NIH). Three images from each swine in each group were used
for the measurement of MFI. The number of dual positive cells for CD14 with CD86 and CD206
were counted in three images in all swine and the average number of dual positive cells/mm2 was
calculated for each group.
8.3.4 Stimulation and inhibition studies: To study the effect of vitamin D, IL-33, IL-37,
rHMGB-1 and LPS on various inflammatory markers and mediators of cartilage damage and the
effect of vitamin D on the effect of IL-33, IL-37, rHMGB-1 and LPS, NHAC cells were cultured
in a T-75 flask and approximately 200,000 cells were plated in 6-well plates. After 80-90%
confluence, cells were treated with calcitriol (50nM) recombinant human IL-33 cytokine
(25ng/ml), recombinant human IL-37 cytokine (25ng/ml), recombinant human HMGB-1
(500ng/ml) and LPS (100ng/ml). After the treatment fold change in mRNA expression compared
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to control for IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9 was
analyzed. Total RNA was extracted, cDNA was prepared and subjected to RT-PCR and the
mRNA expression of IL-33, IL-37, TLR-2, TLR-4, IL-6, TNF-α, NF-κB, MMP-2, and MMP-9
was analyzed compared to control after standardizing with GAPDH. All values have been
represented as mean ± SD. A value of p<0.05 (*p<0.05, **p<0.01, ***p<0.001 and
****p<0.0001) was considered statistically significant.
8.3.5 Cell culture and macrophage polarization studies: Human monocytes (THP-1 cells)
were cultured and propagated in a T25 flask using the RPMI complete medium (5% fetal bovine
serum + 1% penicillin-streptomycin) in a humidified incubator with 5% CO2 at 37C. At 80%
confluence, 200,000 cells were plated in each well of a 6 well plate and treated with Phorbol 12myristate 13-acetate (PMA) for 48 hrs to convert the monocytes (THP-1) to macrophage. After
the cells get attached to the flask surface and transformed to macrophages, cells were treated
with calcitriol (100nM) for 6 days changing the media every second day with a fresh treatment.
After 6 days, the cells were trypsinized and subjected to flow cytometry for analyzing the
positively stained cells for CD86 for M1 macrophage and CD206, CD163, and IL-10 for M2a,
M2b, and M2c macrophage respectively using the standard protocol. Briefly, the cells were
washed with PBS4 (PBS+ 4% fetal bovine serum) and centrifuged (300g x 10 minutes) followed
by incubation with primary antibodies for anti-mouse CD86 PE-Cyanin5 (isotype IgG2bκ PECyanin5), anti-rat CCR7 APCeFluor780 (isotype IgG2aκ APCeFluor780), anti-mouse CD206
Alexa Fluor 488 (isotype IgG1κ Alexa Fluor 488), anti-mouse CD163 Per-CP-eFluor 710
(isotype IgG1κ Per-CP-eFluor 710), and anti-mouse IL-10 PE-Cyanin 7 (isotype IgG1κ PECyanin7) for 45 minutes at a concentration of 10μl/106 cells. Cells were again centrifuged (300g
x 10 minutes) and after removing the supernatant, 500ml of Facs-fix (PBS: 10% formaldehyde=
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3:2) was added to the cells. Isotypes for each Fluorochrome were used for the negative control.
OneComp eBeads (eBioscience 01-1111-42) with fluorescent conjugated antibody were used for
the positive control. Live cells were gated using FSC/SSC. Cell populations were analyzed using
Flow-Jo (v10) software. The average count of positively stained cells from the three separate
experiments was calculated analyzed by SPSS software for significance.
8.3.6 Statistical analysis: Results are presented as mean ± SD (n=3) for each parameter. Oneway ANOVA (SPSS) was used for the statistical analysis of the significance between VDDef,
VDSuff and VDSupp group. A p value of <0.05 was considered significant. *p <0.05, **p <0.01,
***p <0.001 and ****p <0.0001.
8.4 Results
8.4.1 Expression of VDR, Cyp24A1, and Cyp27B1 in swine cartilage and human
chondrocytes: Immunofluorescence of microswine cartilage, NHAC, and HCOA cells showed
immunopositivity for VDR (Figure 8.1 panel A; Figure 8.2 panels A and D), Cyp24A1 (Figure
8.1 panel D; Figure 8.2 panels G and J), and Cyp27B1 (Figure 8.1 panel G; Figure 8.2 panels M
and P). The immunopositivity for Cyp24A1 and Cyp27B1 was higher than VDR in NHAC and
HCOA cells. Further, the expression of VDR, Cyp24A1, and Cyp27B1 was higher in HCOA
compared to NHAC cells. These results suggest the presence of vitamin D receptor and the
enzymes involved in the metabolism of vitamin D in the cartilage and on the chondrocytes
(Figures 8.1 and 8.2).
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Figure 8.1: Immunofluorescence for VDR, Cyp24A1 and Cyp27B1 in VDDef, VDSuff, and
VDSupp hyperlipidemic microswine articular cartilage. VDR- panel A, Cyp24A1- panel D,
Cyp27B1- panel G, DAPI- panels B, E, and H, merged images- panels C, F, and I. DAPI- 2-4amidinophenyl-1H -indole-6-carboxamidine, VDR- vitamin D receptor. These are the
representative images from all the subjects in the study.
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Figure 8.2: Immunofluorescence for VDR, Cyp24A1 and Cyp27B1 in NHAC and HCOA
cells. VDR- panels A and D, Cyp24A1- panels G and J, Cyp27B1- panels M and P, DAPIpanels B, E, H, K, N, and Q, merged images- panels C, F, I, L, O, and R. DAPI- 2-4amidinophenyl-1H -indole-6-carboxamidine, VDR- vitamin D receptor
8.4.2 Expression of chondrocyte markers collagen II, Sox-9 and chitinase-3 in microswine
cartilage: Immunofluorescence revealed the protein expression of collagen II (Figure 8.3 panel
A), Sox-9 (Figure 8.3 panel D), and chitinase-3 (Figure 8.3 panel G) in microswine cartilage and
the expression of these proteins characterize the presence of chondrocytes within the cartilage
and suggests that the stained tissue is cartilage (Figure 8.3).
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Figure 8.3: Immunofluorescence for collagen II, Sox-9 and chitinase-3 in VDDef, VDSuff,
and VDSupp hyperlipidemic microswine articular cartilage. Collagen II- panel A, sox 9panel D, chitinase 3- panel G, DAPI- panels B, E, and H, merged images- panels C, F, and I.
DAPI- 2-4-amidinophenyl-1H -indole-6-carboxamidine. These are the representative images
from all the subjects in the study.
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8.4.3 Increased expression of macrophage in vitamin D deficient microswine cartilage: The
immunofluorescence studies of the microswine cartilage in VDDef, VDSuff, and VDSupp
microswine showed immunopositivity for CD14, CD86, CD206 and co-localization of CD14
with CD86 and CD206 (Figure 8.4). These results suggest the presence of macrophages in the
cartilage of the VDDef, VDSuff, and VDSupp microswine and a higher density of macrophage
in VDDef compared to VDSuff and VDSupp and in VDSuff compared to VDSupp (Figure 8.4).
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Figure 8.4: Immunofluorescence for M1 and M2 macrophage in VDDef, VDSuff, and
VDSupp hyperlipidemic microswine. CD14+ cells- panels A, E, I, M, Q, and U; CD86+ cellspanels B, J, and R; CD206+ cells- panels F, N, and V; DAPI- panels C, G, K, O, S, and W;
merged images- panels D, H, L, P, T, and X. These are the representative images of all the
subjects in the study. DAPI- 2-4-amidinophenyl-1H -indole-6-carboxamidine
8.4.4 Increased expression of M2 macrophage in vitamin D deficient microswine cartilage:
Immunofluorescence of the VDDef, VDSuff, and VDSupp knee joint cartilage showed higher
expression and density of M2 macrophage in VDDef (Figure 8.4 panel M) compared to VDSuff
(Figure 8.4 panel P) and VDSupp (Figure 8.4 panel S) and in VDSuff (Figure 8.4 panel P)
compared to VDSupp (Figure 8.4 panel S). Immunofluorescence also revealed that M1
macrophages expression was higher in VDDef compared to VDSuff and VDSupp and in VDSuff
compared to VDSupp microswine (Figure 8.4).
8.4.5 Vitamin D supplementation decreases the macrophage density in microswine
cartilage: Immunofluorescence studies revealed higher M1 macrophage expression and density
in VDDef (Figure 8.4 panel B) cartilage compared to VDSuff (Figure 8.4 panel J) and VDSupp
(Figure 8.4 panel R) and in VDSuff (Figure 8.4 panel J) compared to VDSupp (Figure 8.4 panel
R) cartilage and higher M2 macrophage expression and density in VDDef (Figure 8.4 panel M)
cartilage compared to VDSuff (Figure 8.4 panel P) and VDSupp (Figure 8.4 panel S) and in
VDSuff (Figure 8.4 panel P) compared to VDSupp (Figure 8.4 panel S) cartilage. These results
suggest that M1 and M2 macrophage density decreases with vitamin D supplementation (Figure
8.4).
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8.4.6 Expression of CCR2, CCL3, CCL5, CCR7, and MCP-1 in VDDef, VDSuff, and
VDSupp microswine cartilage: Immunofluorescence studies showed immunopositivity for
CCR2 (Figure 8.5 panel A), CCL3 (Figure 8.5 panel D), CCR5 (Figure 8.5 panel G), CCR7
(Figure 8.5 panel J), and MCP-1 (Figure 8.5 panel M), in the articular cartilage of VDDef,
VDSuff, and VDSupp microswine. The immunopositivity for CCR2, CCL3, CCR5, CCR7, and
MCP-1 suggests the presence of proteins which act as the attractant for monocytes and
macrophages and facilitate the recruitment of monocytes and macrophages within the tissue
(Figure 8.5).

220

221

Figure 8.5: Immunofluorescence for CCR2, CCL3, CCL5, CCR7, and MCP-1 in VDDef,
VDSuff, and VDSupp microswine cartilage. CCL2- panel A, CCL3- panel D, CCR5- panel G,
CCR7- panel J, MCP1- panel M; DAPI- panels B, E, H, K, and N; merged images C, F, I, L, and
O. These are the representative images of all the subjects in the study. CCL- C-C motif
chemokine ligand, CCR- C-C motif chemokine receptor, DAPI- 2-4-amidinophenyl-1H -indole6-carboxamidine, MCP1- monocyte chemoattractant protein 1.
8.4.7 Calcitriol modulates the macrophage differentiation and polarization: The flow
cytometry analysis of the THP-1 cells treated with calcitriol (100nM) showed positivity for
CD86 (Figure 8.6 panel A), CCR7 (Figure 8.6 panel B), CD206 (Figure 8.6 panel C), and CD163
(Figure 8.6 panel D). The positivity for M1 (CD86, CCR7) and M2 (CD206, CD163)
macrophages suggests that treatment of THP-1 cells with calcitriol differentiated the human
monocytes into macrophages. The flow cytometry analysis also revealed that treatment of THP-1
cells with calcitriol mediates the macrophages polarization and stimulates M2 macrophage
polarization (CD206+=19.33%; CD163+=40.33%) more than M1 macrophage polarization
(CD86+=18.97%; CCR7+=1.79%) (Figure 8.6 panel E).
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Figure 8.6: Flow cytometry analysis for the effect of calcitriol on PMA treated THP-1 cells.
(A) CD86+ cells, (B) CCR7+ cells, (C) CD206+ cells, (D) CD163+ cells, (E) number of CD86,
CCR7, CD206, CD163 positive cells (%). Blue color- isotype and red color- antigen treated
cells. CD- cluster differentiation, CCR- C-C motif chemokine receptor.
8.4.8 Increased immunopositivity of IL-33 and IL-37 in vitamin D deficient microswine
cartilage: Immunofluorescence studies showed the immunopositivity for IL-33 in VDDef
(Figure 8.7 panel A) and VDSuff (Figure 8.7 panel E) and IL-37 in VDDef (Figure 8.7 panel M)
microswine. IL-33 in VDSupp (Figure 8.7 panel I) and IL-37 in VDSuff (Figure 8.7 panel P) and
VDSupp (Figure 8.7 panel S) showed no immunopositivity in the articular cartilage.
Immunofluorescence also revealed higher immunopositivity for IL-33 in VDDef compared to
VDSuff articular cartilage (Figure 8.7).
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Figure 8.7: Immunofluorescence for IL-33 and IL-37 in VDDef, VDSuff, and VDSupp
microswine cartilage. IL-33- panels A, E, and I; ST2- panels B, F, and J; IL-37- panels M, P,
and S; DAPI- panels C, G, K, N, Q, and T; merged images- panels D, H, L, O, R, and U. These
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are the representative images from all the subjects in the study. DAPI- 2-4-amidinophenyl-1H indole-6-carboxamidine, IL-interleukin.
8.4.9 Vitamin D supplementation decreases the immunopositivity of IL-33 and IL-37 in
hyperlipidemic microswine articular cartilage. Immunofluorescence studies of articular
cartilage of VDDef, VDSuff, and VDSupp swine showed highest immunopositivity of IL-33 and
IL-37 (Figure 8.7; panels A and M) in VDDef swine compared to VDSuff and VDSupp swine.
There was no immunopositivity for IL-33 and IL-37 in VDSupp swine (Figure8.7 panels I and
S). These results suggest that immunopositivity for IL-33 and IL-37 decreases with vitamin D
supplementation (Figure 8.7).
8.4.10 Increased immunopositivity of TLR-2 and TLR-4 in vitamin D deficient microswine
articular cartilage. Immunofluorescence studies of the articular cartilage of VDDef, VDSuff,
and VDSupp microswine showed higher immunopositivity for TLR-2 in VDDef (Figure 8.8
panel A) compared to VDSuff (Figure 8.8 panel E) and VDSupp (Figure 8.8 panel I) and in
VDSuff (Figure 8.8 panel E) compared to VDSupp (Figure 8.8 panel I) articular cartilage of
hyperlipidemic microswine. Similarly, the immunopositivity for TLR-4 was higher in VDDef
(Figure 8.8 panel M) compared to VDSuff (Figure 8.8 panel P) and VDSupp (Figure 8.8 panel
S). There was no immunopositivity for TLR-4 in VDSuff and VDSupp articular cartilage.
8.4.11 Vitamin D supplementation decreases the immunopositivity of TLR-2 and TLR-4 in
microswine cartilage: Immunofluorescence studies showed higher immunopositivity of TLR-2
and TLR-4 in VDDef compared to VDSuff and VDSupp swine with no immunopositivity for
TLR-4 in VDSupp. These results suggest that immunopositivity of TLR-2 and TLR-4 decreases
with vitamin D supplementation (Figure 8.8).
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Figure 8.8: Immunofluorescence for TLR-2 and TLR-4 in VDDef, VDSuff, and VDSupp
microswine cartilage. TLR2- panels A, E, and I; TLR4- M, P, and S; MyD88- B, F, J, N, R,
and V; DAPI-C, G, K, O, S, and W; merged images- D, H, L, P, T, and X. These are the
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representative images from all the subjects in the study. DAPI- 2-4-amidinophenyl-1H -indole-6carboxamidine, MyD88- myeloid differentiation primary response gene 88, TLR- toll like
receptor.
8.4.12 Calcitriol attenuates the mRNA expression of TLR-2, TLR-4, NF-κB, IL-6, TNF-α,
MMP-2, MMP-9, HMGB-1, RAGE, IL-33 and IL-37: The RT-PCR analysis of cDNA from
untreated and NHAC cell treated with calcitriol showed that calcitriol significantly
downregulates the mRNA expression of TLR-2 (Figure 8.9 panel A), TLR-4 (Figure 8.9 panel
B), NF-κB (Figure 8.9 panel C), IL-6 (Figure 8.9 panel D), TNF-α (Figure 8.9 panel E), MMP-2
(Figure 8.9 panel F), MMP-9 (Figure 8.9 panel G), HMGB-1 (Figure 8.9 panel H), RAGE
(Figure 8.9 panel I), IL-33, and IL-37 (Figure 8.9 panel J).
8.4.13 Calcitriol downregulates the effect of rIL-33, rHMGB-1, and LPS on TLR-2, TLR-4,
NF-κB, IL-6, TNF-α, MMP-2, MMP-9, HMGB-1, and RAGE: The RT-PCR analysis of
cDNA from untreated and NHAC cells treated with calcitriol (50nM), rIL-33(25ng.ml), rHMGB1 (500ng/ml), and LPS (100ng/ml) showed that calcitriol significantly downregulates the
stimulatory effect of rIL-33, rHMGB-1, and LPS on TLR-2, TLR-4, NF-κB, IL-6, TNF-α,
MMP-2, MMP-9, HMGB-1, and RAGE and downregulates the mRNA expression of TLR-2,
TLR-4, NF-κB, IL-6, TNF-α, MMP-2, MMP-9, HMGB-1, and RAGE (Figure 8.9).
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Figure 8.9: RT-PCR analysis for the effect of calcitriol on the mRNA expression of IL-33,
IL-37, TLR-2, TLR-4, NF-κB, IL-6, TNF-α, MMP-2, MMP-9, HMGB-1, and RAGE in
NHAC cells and on the effect of rHMGB-1 and LPS on these genes. (A) TLR-2, (B) TLR-4,
(C) NF-κB, (D) IL-6, (E) TNF-α, (F) MMP-2, (G) MMP-9, (H) HMGB-1, (I) RAGE, (J) IL-33
and IL-37. HMGB1- high mobility group box 1, IL- interleukin, MMP- matrix
metalloproteinases, NF-κB- nuclear factor kappa beta, RAGE- receptor for advanced glycation
end products, TLR- toll like receptor, TNF α- tumor necrosis factor alpha.
8.5 Discussion
The results of this study showed immunopositivity for VDR, Cyp24A1, Cyp27B1,
collagen II, sox-9, and chitinase-3. These results characterize the nature of the cells present in the
tissue as chondrocytes and the tissue as cartilage [271] and indicate the presence of receptors and
enzymes involved in the metabolism of vitamin D in cartilage. This suggests that vitamin D can
acts on the cartilage as an immunomodulator [250, 272]. The immunofluorescence studies also
revealed significantly increased immunopositivity for IL-33, IL-37, TLR-2, TLR-4, CD86, and
CD206 in VDDef swine cartilage compared to VDSuff and VDSupp microswine cartilage. These
results suggest the presence of increased inflammation in the degenerating cartilage in VDDef
swine [4]. The increased expression of IL-37 and M2 macrophages (CD206+ cells) suggests the
innate immune response of the body to fight against the ongoing inflammation in the cartilage
[202-203, 214-215]. The increased expression of the mediators of inflammation in VDDef swine
suggests the associated increased cartilage loss in association with vitamin D deficiency [4].
Further, these results are supported by the fact that vitamin D deficiency is associated with
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higher prevalence of OA in elderly patients and poor outcome after total knee replacement
surgery [273].
The presence of macrophages within the degenerating cartilage in association with
mediators of inflammation has been documented [4]. Similarly, the role of synovial macrophages
in the pathogenesis of synovitis and OA has also been documented [12]. Immunopositivity of the
M1 and M2 macrophage markers in this study suggests the presence of macrophages in the
articular cartilage. Although cartilage is an avascular tissue, the presence of macrophage or
CD14+ cells in the cartilage indicates the migration of these cells from synovium which shows
differential binding/ expression of various chemokines and their receptors (CCL2, CCL3, CCL5,
CXCR1,

CXCR2,

and

CXCL8)

specific

to

macrophage

and

neutrophils

[90].

Immunofluorescence of swine cartilage also revealed immunopositivity for chemokine receptors
such as CCR2 and CCR7, chemokine ligands CCL3 and CCL5, and monocyte chemoattractant
protein-1 (MCP-1) suggest the possible migration of the macrophages under their influence [223224]. Further, induction of vascularization of the articular cartilage due to fissuring and flanking
and an increased vascularity in the deep articular cartilage in patients with OA, mediated by the
stimulation of angiogenic factors such as vascular endothelial growth factor (VEGF) in synovial
fluid has also been reported [225-227]. The immunopositivity for VEGF and CD31 in human
osteoarthritic cartilage and VEGF in swine cartilage suggests the presence of endothelial cells
and their growth factors in the osteoarthritic human cartilage. The expressions of VEGF in the
degenerating and osteoarthritic cartilage suggest the potential of vasculaogenesis. However, the
presence of vasculogenesis was not revealed in the cartilage, hence, future studies are needed.

230

In this study, the immunofluorescence studies revealed the higher expression of CD86+
and CD206+ cells in the VDDef swine compared to VDSuff and VDSupp swine and in VDSuff
swine compared to VDSupp swine. Further, it was noticed that the expression of M1
macrophages (CD86+ cell) significantly decreases in VDSuff swine while there is no expression
in VDSupp swine, and expression of M2 macrophage has no expression in VDSupp swine. The
presence of the M2 macrophage in VDDef swine may be due to the innate defense mechanism of
the body in order to fight against inflammation, while in VDSuff swine may be due to vitamin D
been given to the swine. The complete absence of the M1 and M2 macrophage in VDSupp swine
can be explained by the complete absence of inflammation in the swine cartilage. This suggests
that there is a change in the phenotype of the population of macrophages in the microswine
cartilage with vitamin D supplementation. M2 macrophages are the anti-inflammatory
macrophages and are predominant in the late phase of inflammation. Vitamin D is also an antiinflammatory agent and favors M2 macrophage predominance [230, 274].
Vitamin D is an inducer of M2 macrophage and thought to be VDR dependent response
and vitamin D deficiency and VDR deletion is associated with chronic inflammation partially
due to altered M1/M2 polarization [274-275]. The flow cytometry data of the macrophages
treated with calcitriol (50nM) in this study suggests that there is a predominance of M2
macrophages (CD206+= 19.33 ± 1.34 and CD163+= 40.33 ± 1.42) compared to M1 macrophages
(CD86+= 18.97 ± 2.65 and CCR7+= 1.79 ± 0.22). These results suggest that calcitriol favors M2
phenotype polarization. Since M2 macrophages are considered to have an anti-inflammatory
function, increased M2 macrophages with calcitriol treatment suggest that vitamin D
supplementation may enhance the macrophage polarization towards M2 macrophage [214, 274].
Further, in our previous study, we have reported the predominance of M2 macrophage with
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vitamin D supplementation in hyperlipidemic microswine [4]. The dosage of calcitriol used for
inducing the macrophage polarization was 50 nM based on the titration studies and on the fact
that 50nM calcitriol is equivalent to the normal physiological levels of 25(OD) D (30-74ng/ml)
or the levels of calcitriol in body (17-75 ng/L) [276]. The results from this and the previous study
suggest that supplementation with vitamin D might be helpful in reducing inflammation by
promoting M2 macrophage.
The increased expression of IL-33 in VDDef swine in association with increased
expression of TLRs suggests an increased level of inflammation within the cartilage because IL33 stimulates the production of pro-inflammatory cytokines including IL-4, IL-5, IL-6, IL-8, and
IL-13 and mediates chronic inflammation [191, 266]. IL-33 also induces the production of IL-6
from macrophage and the detrimental role of IL-6 in OA has been documented in the literature
[277]. The attenuation of the expression of IL-33 in VDSuff and VDSupp suggests that IL-33
expression decreases with vitamin D supplementation. The RT-PCR results also showed a
decreased mRNA expression of IL-33 in NHAC cells with calcitriol treatment. These results
suggest the immunomodulatory role of vitamin D in decreasing the gene and protein expression
of IL-33 and are supported by the fact that vitamin D regulates the secretion as well as the
inflammatory action of IL-33 and attenuates its expression as well as the action by inducing
secretion of soluble ST2, a decoy receptor of IL-33 [265, 278]. Vitamin D enhances the
production of sST2 which acts as a decoy receptor for IL-33 and thus vitamin D inhibits the
action of IL-33 [278]. Vitamin D3 also inhibits the IL-33 expression in IL-4 stimulated epithelial
cells and decreases the IL-33 expression in LPS stimulated cells [265]. In this study, calcitriol
downregulated the IL-33 expression in rHMGB-1 and LPS stimulated cells as well as the
stimulatory effect of IL-33 on TLR-2, TLR-4, IL-6, TNF-α, NF-κB, HMGB-1, RAGE, MMP-2,
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and MMP-9. These results suggest the inhibitory effect of calcitriol on the expression and action
of IL-33. The previous study has shown the crucial detrimental role of IL-33 for cartilage
degeneration, suppressing the expression of IL-33 with vitamin D supplementation may be
beneficial in decreasing the pro-inflammatory cytokines expression as well as the cartilage loss
by attenuating the ongoing inflammation within the cartilage and joint.
The

amelioration

of

the

clinical

symptoms

of

experimental

autoimmune

encephalomyelitis along with decreased IL-33 expression with vitamin D suggests the
immunomodulatory and anti-inflammatory effect of vitamin D [264]. The protective role of the
IL-33/ST2 pathway in the progression of atherosclerosis via the induction of Th2 cytokines and
anti-oxLDL antibodies has also been discussed [279]. These studies support the results of this
study that vitamin D supplementation may possibly be beneficial in decreasing the progression
of cartilage degeneration and development of OA. Although the protective role of the vitamin D
supplementation may be dose dependent. Vitamin D deficiency is associated with the loss of
bone mineralization and decreased bone mineral density (BMD) which in turn is associated with
increased incidence of OA [280]. Since vitamin D supplementation increases the bone
mineralization and BMD [281], supplementation of vitamin D may decrease cartilage loss;
however, the loss of cartilage volume may be dose-dependent. Higher levels of vitamin D may
not prevent the progression of knee pain and cartilage volume loss and development of OA of the
knee joint [270, 282]. It has been reported that vitamin D, through a post-transcriptional
mechanism, has a dose-dependent regulation of chondrocyte gene expression and higher levels
may result in a more rapid turnover of the aggrecan mRNA resulting in a decreased synthesis of
aggrecans [283].

233

IL-37 is an anti-inflammatory modulator in obesity and attenuates the inflammation via
activation of AMPK signaling, decreased secretion of pro-inflammatory cytokines, decreased
recruitment of pro-inflammatory cells and attenuating the downstream pro-inflammatory
signaling through TLRs in mice [203]. The anti-inflammatory effect of IL-37 in rheumatoid
arthritis has been discussed in the literature [200-201, 284]. IL-37 reduces the secretion of IL-1β,
IL-6, TNF-α, and MIP-2 and is required for M2 polarization [221, 285]. Further, enhancement of
the immunological defense via increased expression of VDR and IL-37 in peritoneal macrophage
with vitamin D supplementation suggests that vitamin D-VDR-IL-37 axis in macrophage plays a
key role in innate immunity [286]. Immunofluorescence studies of the swine cartilage in this
study revealed higher expression of IL-37 in VDDef swine compared to VDSuff and VDSupp
swine. There was no immunopositivity for IL-37 in VDSuff and VDSupp swine. Further, the
RT-PCR analysis showed that calcitriol attenuated the expression of IL-37 in NHAC cells. These
results suggest that the secretion of IL-37 in response to ongoing inflammation as a defense
mechanism of the body decreases with the subsiding inflammation [204, 207].
Vitamin D is an anti-inflammatory and immunomodulatory agent, supplementation of
vitamin D associated with no expression of IL-37 in the cartilage of VDSuff and VDSupp swine
can be explained by the fact that vitamin D supplementation decreases the inflammation and
results in an attenuated secretion of IL-37. However, studies have also reported that vitamin D
may induce the expression of IL-37 and IL-37 may act as a mediator for the action of vitamin D
[202, 204]. The nuclear translocation of IL-37, its release in inflammasome, and antiinflammatory activity depends on caspase-1 activation. The secretion of pro-inflammatory
cytokines including IL-6 and IL-1β and chemokines from macrophage is attenuated by IL-37 in a
nucleotide-binding oligomerization domain-like receptor family, pyrin domain containing 3
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(NLRP3) dependent manner [287]. However, Tulk et al. reported the enhanced secretion of IL1β in a NLRP3 dependent manner under the influence of vitamin D from THP-1 cells [288].
Thus, in-depth understanding of the IL-37 mediated secretion of pro-inflammatory cytokines and
the role of vitamin D-VDR-IL-37 axis in chondrocytes is important for the development of novel
therapeutic strategies.
The role of IL-33 and IL-37 has been elucidated in the previous study with human
osteoarthritic cartilage and the results showed that IL-33 mediates its pro-inflammatory action
through TLR-2 and TLR-4, whereas IL-37 has an inhibitory effect on these TLRs. The role of
various TLRs has been discussed in the literature [27, 161, 196]; however, the effect of vitamin
D on the TLRs in OA has not been discussed. In this study, immunofluorescence studies
revealed an increased expression of TLR-2 and TLR-4 in VDDef swine compared to VDSuff and
VDSupp swine. The TLR-2 expression in VDSuff swine was higher than VDSupp swine but
there was no immunopositivity for TLR-4 in VDSuff and VDSupp swine. The RT-PCR analysis
of the NHAC cells treated with calcitriol showed attenuation of mRNA expressions of TLR-2
and TLR-4. These results suggest that the expression of TLR-2 and TLR-4 decreases with
vitamin D supplementation. The RT-PCR analysis also revealed that calcitriol diminished the
stimulatory effect of IL-33, rHMGB-1, and LPS on TLR-2 and TLR-4. The attenuation of TLRs
with calcitriol and vitamin D supplementation suggests the anti-inflammatory role of vitamin D
in suppressing not only TLRs but also pro-damage mediators MMPs and on the action of IL-33,
rHMGB-1 and LPS on these mediators [147, 257-258, 278, 289-292].
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8.6 Conclusion
Inflammation of the joint and articular cartilage is due to HMGB-1 mediated increased
secretion of pro-inflammatory cytokines including IL-6, IL-1β, TNF-α, and IL-33 which further
enhance the expression of mediators of inflammation including TLR-2, TLR-4, NF-κB, and
MMPs. The results of this study revealed that vitamin D deficiency is associated with an
increased expression of mediators of inflammation TLR-2 and TLR-4, pro-inflammatory
cytokine IL-33, anti-inflammatory cytokine IL-37, and M1 and M2 macrophages. Further,
vitamin D supplementation to the hyperlipidemic microswine or the treatment of NHAC with
calcitriol attenuates the expression of IL-33, IL-37, TLR-2, TLR-4, NF-κB, MMP-2, and MMP-9
as well as the effect of IL-33 on these mediators. These results suggest that vitamin D
supplementation attenuates inflammation and may decrease the degeneration of cartilage. Thus,
vitamin D supplementation in patients with vitamin D deficiency may be beneficial in treating
the patients with osteoarthritis and may be a novel therapeutic strategy by blocking the effect of
IL-33. However, the dosages of vitamin D warrant studies.
8.7 Limitations of the study
The non-availability of control swine cartilage is a major limitation of this study.
However, despite this limitation, this study elucidated the pathogenic role of IL-33, TLR-2,
TLR-4 in OA and the beneficial role of calcitriol in OA.
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9 General Discussion
Osteoarthritis has been considered as a wear and tear disease of the articular cartilage, but
recent studies suggest that inflammation plays a crucial role in the pathogenesis of OA [1, 4].
Studies have suggested the role of various pro-inflammatory cytokines such as IL-1β, IL-6, TNFα, IL-8, and IL-37 and anti-inflammatory cytokines IL-10 and IL-37 in the pathogenesis of OA
[6, 190]. The role of DAMPs including HMGB-1, RAGE, S100A8, and S100A9, and PAMPs
including mainly LPS, in the pathogenesis of OA has been documented [128]. While comparing
the DAMPs between knee and hip joint osteoarthritic cartilage, we found significantly increased
gene and protein expression of HMGB-1, RAGE, S100A8, and S100A9 in the knee joint
compared to hip joint osteoarthritic cartilage and in HCOA compared to NHAC cells. The
increased expression of HMGB-1, RAGE, S100A8, and S100A9 in HCOA compared to NHAC
suggest the pathogenic role of DAMPs in OA while significantly increased DAMPs in knee joint
compared to hip joint cartilage indicates an increased cartilage loss in the knee joint compared to
the hip joint [189]. DAMPs (HMGB-1, RAGE, S100 proteins) play a crucial role in the
pathogenesis of OA; hence they may serve as new targets for decreasing inflammation in the
joint and attenuating the progression of cartilage damage [184-185]. Further, HMGB-1 has been
suggested as a target for modulating the innate immune response in chronic inflammation [26,
186]. Similarly, reducing the severity of AGEs-induced arthritis via MMP inhibition to decrease
inflammation has also been discussed [182]. These results suggest that targeting DAMPs may be
a novel therapeutic strategy for the treatment of OA.
The differential expression of DAMPs in the knee and hip joints may be due to the
varying levels of shear and mechanical stress on the joint or increased levels of inflammation in
the joint since the knee joint is more vascular than hip joint. Increased vascularity of the knee
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joint will lead to a higher degree of pro-inflammatory cells such as monocytes and macrophage
infiltration within the joint which in turn will affect the articular cartilage [188, 293]. Increased
infiltration of the monocyte/macrophages will result in increased secretion of the pro- and antiinflammatory cytokines to fight the inflammation as a defense mechanism of the body, however,
the prolonged predominant secretion of pro-inflammatory cytokines will lead to an imbalance
between regenerative and degenerative processes of the articular cartilage resulting in the
progression of cartilage loss and OA [145]. Increased secretion of pro-inflammatory cytokine IL33 is associated with augmented secretion of DAMPs [193]. Thus, we evaluated the
counteractive effect of DAMPs (HMGB-1), PAMPs (LPS), IL-33, and IL-37 on each other and
on other mediators of inflammation such as TLR-2, TLR-4, IL-6, TNF-α, NF-κB, and prodamage mediators MMP-2 and MMP-9. The results showed significantly increased gene and
protein expression of TLR-2, TLR-4, IL-6, TNF-α, NF-κB, HMGB-1, RAGE, MMP-2, and
MMP-9 in osteoarthritic cartilage and chondrocytes. Further, IL-33, HMGB-1, and LPS had an
upregulating while IL-37 had a downregulating effect on the gene expression of TLR-2, TLR-4,
IL-6, TNF-α, NF-κB, HMGB-1, RAGE, MMP-2, and MMP-9. These results suggest that IL-33,
HMGB-1 and LPS decrease the expression of pro-inflammatory and pro-damage mediators,
while IL-37 has an antagonistic effect on these mediators. Thus, IL-33 and IL-37 was found to
have a counteractive effect on inflammation which is in accordance to previous studies. The
counteractive effect of IL-33 and IL-37on cartilage degeneration was elucidated for the first time
in this study.
Increased incidence and prevalence of osteoarthritis are associated with vitamin D
deficiency [136-139, 270, 294-295]. Further, OA risk factors like chronic inflammation and
quadriceps muscle weakness; are also associated with low levels of vitamin D, and vitamin D
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supplementation has been proven to have a beneficial effect [61, 134, 149-152]. These studies
suggest the beneficial role of vitamin D supplementation in OA, however, the effect of vitamin D
supplementation on cartilage loss or the effect of calcitriol treatment to the chondrocytes, and on
expression and action of IL-33 and IL-37 has not been investigated until now. This study
elucidated the interaction and counteractive effect of IL-33, IL-37, and vitamin D on
chondrocytes and the effect of vitamin D supplementation in microswine. The results of this
study revealed that IL-33, rHMGB-1, and LPS enhances the mRNA expression of TLR-2, TLR4, NF-κB, IL-6, and TNF-α, RAGE, HMGB-1, MMP-2, and MMP-9 and IL-37, calcitriol
treatment to NHAC cells, and vitamin D supplementation attenuates the expression of TLR-2,
TLR-4, NF-κB, IL-6, and TNF-α, RAGE, HMGB-1, MMP-2, and MMP-9. The RT-PCR
analysis in this study also revealed that calcitriol downregulates the stimulatory effect of IL-33,
rHMGB-1, and LPS on the gene expression of TLR-2, TLR-4, NF-κB, IL-6, and TNF-α, RAGE,
HMGB-1, MMP-2, and MMP-9. Further, it was also found that blocking IL-33 with ST2L
receptor blocker attenuates the gene expression of TLR-2, TLR-4, NF-κB, IL-6, and TNF-α,
RAGE, HMGB-1, MMP-2, and MMP-9. These results suggest that inhibition of IL-33 with ST2
blocker or suppressing the effect of IL-33 with vitamin D supplementation will result in
decreased inflammation and may be a novel therapeutic strategy for the treatment of OA [147,
192, 208, 257-258, 278, 289-292]. The main sources of pro-inflammatory cytokines secretion are
the inflammatory cells including monocytes and macrophages, which are recruited within the
joint. The role of macrophages in the pathogenesis of OA has been discussed in the literature [12,
73, 88, 91, 211]; however, the effect of IL-33, IL-37, and vitamin D on the cartilage
macrophages has not been investigated. In this study, for the first time, the effect of IL-33, IL-37,
and vitamin D on macrophage polarization has been elucidated.
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IL-33 and IL-37 plays a pro- and anti-inflammatory role in different diseases and affects
the phenotype of the macrophage. The role of IL-33 in amplifying the polarization of classically
(M1) and alternatively (M2) activated macrophages and IL-37 towards the alternatively (M2)
activated macrophages have been discussed in allergic and airway inflammatory diseases [2833]. In our study with human and swine cartilage, a higher gene and protein expression of IL-33
was found associated with increased M1 macrophages and a higher gene and protein expression
of IL-37 was associated with M2 macrophage. Further, vitamin D deficiency was associated with
increased density and expression of M1 and M2 macrophages, while vitamin D supplementation
was associated with predominantly M2 macrophages. Flow cytometry data suggests that IL-33,
IL37, and calcitriol or vitamin D supplementation have an effect on macrophage polarization. IL33 is associated with M1 predominance while IL-37 and calcitriol with M2 predominance [215,
219, 230, 286]. Since macrophages are the main effectors of inflammation in the articular
cartilage, blocking IL-33 by ST2 blockers or suppression of its action with IL-37 and vitamin D
might be useful in macrophage polarization with M2 macrophages predominance. This will
decrease the levels of inflammation within the joint which in turn may decrease the cartilage
degeneration and development of OA.
To reduce the pain and inflammation, the role of nonsteroidal anti-inflammatory reagents,
analgesics, opioids, antidepressants, corticosteroids, anticonvulsants (gabapentin and pregabalin),
topical agents (lidocaine, diclofenac, capsaicin, and salicylate), and serotonin-norepinephrine
reuptake inhibitors or the combination of these drugs has been used systemically and locally in
OA. However, still there are challenges for clinicians in balancing the efficacy and safety of
these drugs [296]. These drugs were also used for RA and were not effective, however, the
discovery of TNF-α inhibitors such as infliximab (IFX), etanercept (ETN), adalimumab (ADA),
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golimumab (GOLI) and certolizumab pegol for the treatment of RA has changed the whole
treatment strategy. The use of TNF-α inhibitors alone or in combination suggests that targeting
the cytokine playing the key role on the pathogenesis of the disease might be tremendously
successful [297]. The reduction in the hand OA with TNF-α inhibitor infliximab and reduction in
cartilage destruction with IL-1 receptor antagonists (IL-1Ra) by inhibiting IL-1 cytokine
suggests the role of decreasing inflammation in the treatment of OA [13, 21] and other
inflammatory arthritis [132]. These findings suggest that targeting the IL-33, the main effector of
inflammation in cartilage may be therapeutically beneficial. Since the cartilage is an avascular
tissue, local treatment to suppress the inflammation and cartilage damage seems better than the
systemic treatment [225].
The association of vitamin D deficiency with increased expression of IL-33, TLR-2,
TLR-4, IL-6, TNF-α, MMP-2 and MMP-9 suggest the presence of inflammation in the joint
cartilage. The reduction in the expression of these mediators with vitamin D supplementation
suggests the role of vitamin D in decreasing mediators of inflammation and cartilage damage.
Although, the vitamin D levels in the human patients is not available and considering the levels
to be normal, raises the question that why there was a cartilage damage in presence of vitamin D.
This may be explained by the avascular nature of the cartilage [225], the association of OA with
VDR polymorphism [295], regulation of the vitamin D metabolism at cellular level [298],
autocrine and paracrine effects of vitamin D and vitamin D binding protein polymorphism, and
modulation of vitamin D metabolism due to the polymorphism of Cyp27B1 and Cyp24A1 [299300].
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Taken together, the results of these studies suggest that blocking IL-33 by ST2 blockers,
attenuating the effect of IL-33 on TLR-2, TLR-4, NF-κB, IL-6, and TNF-α, RAGE, HMGB-1,
MMP-2, and MMP-9 by IL-37 and calcitriol may be novel therapeutic strategies to decrease
inflammation and cartilage loss. Further, DAMPs and PAMPs also mediate inflammation in the
joint through increased secretion of IL-33 while calcitriol attenuates the effect of IL-33, rHMGB1, and LPS on TLR-2, TLR-4, NF-κB, IL-6, and TNF-α, RAGE, HMGB-1, MMP-2, and MMP9. Collectively, blocking IL-33 may be a novel therapeutic strategy to attenuate inflammation
and cartilage degeneration (Figure 9.1). Furthermore, the increased protein and gene expression
of IL-33, IL-37, HMGB-1, RAGE, S100A8, and S100A9 and the association of cartilage damage
and osteoarthritis with vitamin D deficiency suggests that the serum or synovial fluid levels of
IL-33, IL-37, HMGB-1, RAGE, S100A8, S100A9, 25(OH)D, and 1,25(OD)2D3 may serve as the
biomarker of cartilage damage and osteoarthritis. The use of these biomarkers in clinics may
help in screening the patients of OA at an early stage. This strategy may reduce the incidence of
terminal OA, knee and hip joint replacement surgeries, and morbidity associated with this
debilitating disease.
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Figure 9.1: Translational aspect of the study. IL-33 and DAMPs activate TLRs to increase the
secretion of pro-inflammatory cytokines resulting in increased recruitment of inflammatory cells
and activation of MMPs. This results in increased inflammation and collagen loss. Inflammation
in the joint leads to the innate immune response of the body and secretion of IL-37, which
inhibits the inflammation and activation of NF-κB and mediate decreased secretion of proinflammatory cytokines. Vitamin D inhibits the IL-33 receptor/ST2 by increased secretion of
soluble ST2, a decoy receptor of ST2. Thus, inhibiting IL-33/ST2 receptor with ST2 antibody
and/ or vitamin D might modulate the inflammation in the cartilage and might be a novel
therapeutic strategy for the treatment of OA. AP1- activator protein 1, DAMPs- damage
associated molecular patterns, IL- interleukin, MAPK- mitogen-activated protein kinases,
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MMPs- matrix metalloproteinases, MyD88- myeloid differentiation primary response gene 88,
NF-κB- nuclear factor kappa beta, TRAF6- TNF receptor associated factor-6, TRIF- TIRdomain-containing adapter-inducing interferon-β, TIR8- toll-interleukin 1 receptor domain-8,
TLRs- toll like receptors, TNFα- tumor necrosis factor alpha
10 Outstanding questions
This study highlighted that DAMPs (HMGB-1, RAGE, and S100 proteins) and IL-33
may be the therapeutic targets for OA. These studies have been conducted with the tissues
obtained from human and swine cartilage and in human normal and osteoarthritic chondrocytes
in-vitro. However, in-vivo studies to validate these results in a translational model of
osteoarthritis are warranted. Further, the factor(s) that induces the initial cartilage degeneration,
the effect of blocking IL-33/ST2 on cartilage damage, beneficial effect of IL-37 and vitamin D
supplementation on cartilage, and effect of macrophage polarization on cartilage regeneration
and inflammation in an in-vivo situation need to be elucidated.

11 Pitfalls of the study


No availability of the normal human cartilage tissue



Inclusion of only 5 hip joints in the study



No availability of the confounding factors and medical history of the subjects



Higher dose of ST-2 specific antibody
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12 Future directions


To develop a clinically-relevant animal model of osteoarthritis.



To investigate the effect of HMGB-1, RAGE, and IL-33 on normal cartilage in an animal
model.



To examine the effect of blocking IL-33/ST2 blocker, IL-37 and vitamin D
supplementation on cartilage regeneration in an animal model.



To induce macrophage polarization in the early phase of OA and its effect on cartilage in
an animal model.



To investigate the effect of IL-33 and IL-37 on the viability of stem cells in a scaffold.



To investigate the effect of predetermined stem cells towards a chondrocytes progeny on
the regeneration of articular cartilage.



To investigate the mode of macrophage migration in the degenerating cartilage.



To elucidate the presence of vasculogenesis and vasculogenic factors in the degenerating
cartilage in an early stage of OA.



To investigate the possible association of VDR, Cyp27B1, and Cyp24A1 polymorphism
in cartilage and with osteoarthritis



To formulate the inhibitors of IL-33.
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