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ABSTRACT

Gonarthrosis (GA) is the most common joint disease in the adult population worldwide.
This pathology is the result of multiple mechanisms that lead to the degradation of the
extracellular matrix (ECM) of the joint and determine a chronic inflammation of the
knee. In addition to the multiple causes and risk factors, extracellular vesicles (EVs) are
emerging as important players in GA and, more generally, in osteoarthritis (OA). EVs,
such as exosomes and membranous EVs, are being extensively studied for their role in
a vast number of processes, such as intercellular communication and cell-to-cell
transfer of biologically active material due to their precipual capacity to transfer
proteins, lipids, DNA, mRNA, miRNA to target cells, modifying their phenotype. As to
0A, the latest scientific evidence indicates that EVs act in a bimodal pattern, i.e. either
in a pro-inflammatory or anti-inflammatory fashion depending on the joint conditions
and disease status. In the present thesis, we focused on the detrimental role of EVs in
OA. As an example of this deleterious activity, it is known that the macrophages
infiltrated in the synovial fluid release specific EVs containing proinflammatory
cytokines such as IL-1f; these cytokines then stimulate the chondrocytes to release
further EVs which are capable of increasing the levels of metalloproteinase-13 (MMP-
13) and a disintegrin and metallopeptidase with thrombospondin motif 5 Type 1
(ADAMTS-5), the main enzymes responsible for cartilage degradation.

Hyaluronic acid (HA) is a polysaccharide composed of disaccharide units containing N-
acetylglucosamine and glucuronic acid produced by chondrocytes, synoviocytes and
fibroblasts. Native HA is typically released inside the synovial space where it lubricates
and cushions the joint. HA conditions have a very high impact on GA: indeed, in the
course of GA and accordingly to its progression, a significant decrease in both HA
concentration and mean molecular weight can be observed. These modifications
influence the HA viscoelastic properties, resulting in the joints’ parallel deterioration.
This is the reason why intra-articular infiltrative HA viscosupplementation has been
established as safe and first choice treatment for Kellgren II-III GA. As it will be
discussed in the next chapters, besides its rheological properties, which can be
considered merely mechanical, HA is known to act on numerous pathologically
relevant targets, i.e. directly triggering protective biochemical pathways and/or

blunting harmful processes.



Commercially available, injectable preparations for intra-articular
viscosupplementation consist of linear or cross-linked HA, this latter reputed to have a
longer-lasting activity due to its higher resistance to enzymatic degradation.

In this thesis we studied the differential effects of EVs collected from non-stimulated
or IL-1f3-stimulated human monocytic cells (THP-1) on primary chondrocytes from GA
patients (COA) and their modulation upon treatment with cross-linked and linear

intercalated HA (CLHA) formulation.



Si no lo intentas, nunca lo sabrds.
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1. INTRODUCTION

1.1. Gonarthrosis

Gonarthrosis (GA) is considered the most common form of osteoarthritis (OA); it is a
progressive and disabling joint disorder, which significantly reduces the quality of life of

the people affected from this inflammatory pathology *.
1.1.1.  Anatomy of the knee

The knee is made up of three bone segments, femur, tibia and patella, which give rise to
the patella-femoral and tibial-femoral joints 2. Functionally, the patella-femoral joint acts
in a manner that dissipates the force of forward momentum when the body enters the
static phase of the gait cycle. The femoro-tibial joint, on the other hand, allows the
transmission of body weight from the femur to the tibia, allowing rotation of the joint in

the sagittal plane, together with a small degree of rotation in the axial plane of the tibia 3.
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Fig.1. Structure of the human knee joint and location of synovial fluid.



The articular components of the femur, tibia and patella, which articulate with the femoral
trochlea, are covered with hyaline cartilage that allows the skeletal elements to slide and
rotate on each other with a low coefficient of friction. The surface layers of the cartilage
behave like pads and, thanks to their viscoelastic properties, allow a better distribution of
the load on the joint. Physiologically, at the level of the cartilage, there is a close
correlation between the structure and the biochemical composition, the orientation of the
muscle fibrils and the biomechanical properties. The cells most represented in the
cartilage are the chondrocytes; they are specialized in the synthesis, organization and
turnover of the components of the extracellular matrix (collagen type II, aggrecans,
hyaluronic acid). The destruction of this equilibrium determines biochemical and
mechanical alterations of the cartilage, with consequent modification of its traction and
load absorption capacity 2.

The element that plays a fundamental role in the joint area is the synovial fluid (SF). It is
a transparent solution contained in the joint cavity which has a lubricating action and has
the ability to absorb shocks 5. The composition of the SF is very similar to that of dialyzed
serum, since it has the same electrolytes; the main difference between the two is
represented by the composition in terms of proteins and hyaluronic acid (HA) °. In healthy
joints, SF, together with articular cartilage, is able to provide one of the lowest coefficients
of friction in nature 7.

The main components of the SF are four: serum albumin, HA, lubricin and globulin8; to
determine the rheological properties of the SF is above all the presence of HA, which is
secreted inside the joint cavity in the synovial membrane °. Lubricin, a protein that lines
the bone surface inside the joint cavity is, together with HA, the main responsible for the

lubricating action of the SF 10.

1.1.2.  Description of gonarthrosis

GA is a disease characterized by cartilage degeneration, loss of elasticity of the joint
structure, loss of production of the main components of the SF and chronic inflammation.
GA predominantly affects the adult population with one or more risk factors involved; it

is classified by degrees according to the Kellgren-Lawrence scale of intensity.



1.1.3. Epidemiology of gonarthrosis

Knee arthrosis is one of the main pathological conditions of the joints: it has been
estimated that in 2005 more than 26 million US citizens were affected by this pathological
condition 11. The increase in life expectancy and the age of the population will lead
arthropathy to be among the leading causes of disability in the forthcoming years, with
evident socio-economic repercussions 12 Over the next 25 years the number of people
affected, and the social impact of doctor-diagnosed GA are projected to increase by 40%
in the US 13, However, there are various factors to consider in defining the prevalence of
GA. The first factor that emerges concerns the prevalence based on gender: GA is much
more common in women, with a woman: main ratio ranging from 1.5: 1 to 4: 1 14,

These studies also report that severe GA conditions affect only 1% of the population with
ages between 25 and 34; this percentage reaches almost 50% in the over 75. Among the
participants over 45 years old of the Framingham study, the prevalence of GA was 19.2%
and, in the over 80s, it reached 43.7%. In Europe, according to data produced by the Dutch
Institute for Public Health, the prevalence was 15.6% in males over 55 and 30.5% in
females belonging to the same age group 1°. The prevalence of knee osteoarthritis GA with
symptoms is significantly lower: only 12.1% in the NANES III (The Third National Health
and Nutrition Examination Survey) and 16.3% in participants aged 55 to 64 in Johnston

County Osteoarthritis Project 16.

1.1.4. Risk factors of gonarthrosis

Epidemiological studies have revealed that there are both endogenous and exogenous
risk factors for OA (Tab.1). Genetic factors play a role in the aetiology of GA. In a clinical
study involving female twins, Spector et al. showed an effect of heredity on the
development of OA of the hip and knee 7. In only very few cases OA can be attributed to
the effect of a single gene. Its development and progression are more likely due to
interaction among multiple genes, in combination with further risk factors.

The relative evidence of the risk factors can highlight different stages of the condition, for
the rate of progression of OA and for the diagnosis only radiographic or even

symptomatic; moreover, some evidence suggests that risk factors may act differently
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depending on individual radiographic characteristics, such as the presence of osteophytes

or narrowing of the joint space 18.

Age Overweight
Sex Macrotrauma
Heredity Repetitive microtrauma
Ethnic origin Surgery
H
ormones Work

(post-menopausal changes)

Congenital conditions or physical

R e Lifestyle factors (alcohol, tobacco)

Tab.1. Endogenous and exogenous risk factors for GA. The combination of exogenous
and endogenous risk factors generates severe pathology 18.

1.1.5.  Aetiology and pathophysiology of gonarthrosis

Otte et al. coined the term “organ of articulation” to highlight the functional purpose of all
structures composing the knee joint 1°, from its bony components covered with hyaline
cartilage to its capsule, ligaments, and menisci, and the muscles that move it. GA is a
disease with multifactorial aetiology, that leads this “articulation” through the
progressive degradation of its components.

The pathologic changes seen in osteoarthritic joints have common features that affect the
entire joint structure, resulting in pain, deformity, and loss of function.

Certainly, the pathological process which cannot be ignored when speaking of OA is the
degeneration of the articular cartilage 20. In fact, the pathology is characterized by the

progressive imbalance of the components of the ECM 21.22,
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The hyaline cartilage of the knee joint is the target of the insults that cause OA. The classic
loss of articular cartilage that is observed in OA is an event that occurs on the surface of
the same. These lesions, which are commonly observed in the elderly population, have all
the biochemical characteristics typical of arthritic cartilage 23.

In the elderly generally, the knee joint tends to alter: and important change is represented
by a hypertrophic reaction of the cartilage. This phenomenon consists of an increased
synthesis of the components of the ECM. This is followed by a phase of increased turnover
of the ECM itself which leads to an increase in the degradation of its main components and
their depletion. The imbalance is given by the increased expression and content of the
enzymes that deal with the degradation of the macromolecules that make up the ECM:
metalloproteinases (MMPs) for aggrecans and collagenase for collagen type II. The
phenomenon is particularly evident, on the affected joint surface, since the first stages of
the degenerative process 24-26, In this way, a wide variety of fragments derived from this
massive degradation, accumulate at the level of the cartilage, damaging it and reducing its

elastic capacity. The progression of the OA is summarized in Tab.2.
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Pathogenesis of OA

Mechanical effort/use of joint

|

Reversible ECM degradation

|

Attempts at repair (unsuccessful)

|

Irreversible matrix degradation

|

Accompanying synovitis

!

Release of markers of inflammation
(Cytokines, EVs, NO...)

Tl

Loss of cartilage

Tl

Sclerosis/osteophytes

T

Misalignment/loss of congruence — PAIN

|

Progressive osteoarthritis

Tab.2. Summary table of the pathogenesis of OA. OA has a multifactorial aetiology, which
includes various factors such as mechanical stress, the production of cytokines that cause
the progressive degradation of joint cartilage and subsequent local inflammation 18.

The causes of this increase in the degradation process have been extensively studied. The
main hypothesis suggests that the degradation products themselves increase the
progressive degeneration of cartilage through receptor-mediated activation of
synoviocytes and chondrocytes, giving rise to chronic inflammation, as summarized in

Fig.2 20,
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Fig.2. Response of the arthritic joint to the mechanical effort. This generates the activation
of the degradative enzymes of cartilage and the release of proinflammatory mediators
that participate in the aetiopathogenesis of OA.

The different degradation compounds can stimulate, through the activation of surface cell
receptors, the reabsorption of cartilage mediated by the main cells of the joint, namely
chondrocytes 27-29 and fibroblasts like synoviocytes 30. The system reacts to this stimulus
by releasing pro-inflammatory mediators and cytokines such as IL-1 31.

In addition, this cytokine enhances the inflammatory process by inducing the expression
and activity of two enzymes: nitric oxide synthase (NOS2), which produces nitric oxide
(NO), and cyclooxygenase 2 (COX2), which produces prostaglandin-E2 (PGE-2). By
inducing the expression and activity of these enzymes, IL-1 leads to an increase in the
synthesis of these mediators that confer an inflammatory connotation to the pathology 20.
In the OA joint, the mechanical effort also plays its role in the degenerative process: it
causes a dose-dependent increase in the synthesis of NO and PGE-2 through the activation
of the two enzymes 3132, Moreover, NO causes a completely random degradation of the
HA, an important component of ECM, which leads to the formation of low molecular

weight products. The main consequences of this phenomenon are two: the reduced
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viscosity of the SF, due to the loss of the peculiar rheological properties of the high
molecular weight HA (HMWHA), and the pro-inflammatory stimulus, which occurs with
the same mechanism seen for the other components of the ECM. Indeed, in OA subjects it
has been seen that there is an excessive reduction both in the quantity of HA produced by
the main cells of the joint (chondrocytes, synoviocytes) released in the SF, and in the
molecular weight (MW) of the HA. This phenomenon participates in the degradation
process of the ECM and in increasing the imbalance of the joint, typical of the pathology.
Numerous other pro-inflammatory molecules are released into the SF: IL-1f3, IL-6, TNFq,
IL-17, IL-9 and CTX-II (C-terminal telopeptide). They all represent inflammatory
biomarkers whose dosage can be useful in establishing the stage of the disease. Another
of the causes typical of GA cartilage degradation is represented by the molecules released
by the macrophages infiltrated in the joint through the SF: the extracellular vesicles (EVs).
The macrophages infiltrated in the SF release specific EVs containing pro-inflammatory
cytokines such as IL-1f3; they stimulate the chondrocytes to release further EVs, the latter
capable of increasing the levels of metalloprotease-13 (MMP-13) and disintegrin and
metallopeptidase with thrombospondin motif 5 Type 1 (ADAMTS-5), the enzymes most
responsible for cartilage degradation 33-35 EVs released into the SF during the
inflammatory process of GA are important pathogenetic factors 24 EVs, such as exosomes
and membranous EVs, are extensively studied for their role in intercellular
communication and cell-to-cell transfer of genetic material. In fact, the EVs are able to
transfer proteins, lipids, DNA, mRNA, and miRNA to target cells, modifying their
phenotype 3°.

In general, therefore, GA, although not classified as a real inflammatory pathology, can be
seen as a chronic low-grade synovial inflammatory process that involves several factors

that participate in the pathogenesis of the disease 29.
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1.1.6.  Classification of gonarthrosis

GA is generally classified on the basis of its severity, according to the Kellgren-Lawrence
scale, first described in 1957. This classification is based on a series of standardized
anteroposterior radiographs corresponding to the 5 degrees of the disease 3°:
e Grade 0: no arthritic lesions;
e Grade I: narrowing of the joint space, beginning of osteophyte formation;
e Grade II: narrowing of the joint space with defined osteophyte formation;
e GradeIlIl: defined narrowing of the joint space, moderate formation of osteophytes,
sclerosis and possible deformity of the bone ends;
e Grade IV: large formation of osteophytes, severe joint space narrowing with
marked sclerosis and defined deformity of the bone ends.
The necessity to identify a common classification of GA rises from the high degree of
variability existing in the radiographic evaluation of the disease 3537. In particular,
Kellgren and Lawrence highlight how the estimates of the prevalence of OA in all the joints
examined in their study vary for the same observer (+ 5% deviation from the average
number of diagnoses) and even more so between two different observers (+ 31%
deviation from the mean number of diagnoses); exploiting standardized radiographs, the
inter- and intra-observer variability coefficient is greatly reduced and decidedly higher

diagnostic accuracy is achieved 37.

1.1.7.  Treatment of gonarthrosis

Mohig et al. stated, “The best treatment for knee osteoarthritis is prevention” 38 In fact,
the best way to fight arthritic pathology is to prevent the disease. Indeed, at the present
there is no absolute cure for OA, due to its multifactorial aetiology and the mechanisms
involved still not being completely understood. The only way to deal with the condition is
by preventing and using a palliative treatment of symptoms 3°. According to the grade of
GA, different treatments are used, pharmacological and non-pharmacological, and in the

most severe cases we arrive at the surgery and joint replacement.
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Preventive treatment of gonarthrosis

The main treatment of GA should be primarily based on prevention through the reduction
of risk factors, such as obesity and a sedentary lifestyle. Therefore, an adequate diet and
weight loss, associated with physical activity, are recommended. One of the main goals of
the obese person with GA is weight loss. For these patients, losing weight means reducing
pain, increasing muscle strength and improving joint function 224041, Exercise is one of the
central nuclei of the non-pharmacological treatment of knee OA #2. A regular program of
physical activity is associated with a reduction in painful symptoms, an increase in joint
flexibility, an increase in supporting muscle strength and an overall improvement in the
patient's mood and outlook, preferring sports that limit the load on the joint, such as
swimming and cycling 43. All of this would greatly reduce the likelihood of developing GA,
and the associated pain. In addition, a targeted physiotherapy program would also help
the patient to better cope with the disease, carrying out exercises to prevent contractures,

give greater stability to the knee joint and reduce the symptoms of GA 2240-42,44-48,

Pharmacological treatment of gonarthrosis

When GA becomes symptomatic, pharmacological intervention is definitely required.
Depending on the level of pain, the patient can be treated with analgesic/anti-
inflammatory drugs of different potency #°. The EULAR, European League Against
Rheumatism, established recommendations for the conservative treatment of GA 48:
e Optimal management requires a combination of non-pharmacological and
pharmacological treatment modalities
e The treatment of GA should be prescribed according to the risk factors present, the
degree of the pathology, the severity of the pain.
o Paracetamol is the analgesic of first choice for longterm use, if effective.
e Topical applications (e.g., non-steroidal anti-inflammatory drugs [NSAID]) are
effective.
e can be used effectively if paracetamol or NSAID are ineffective or poorly tolerated.
e Symptomatic slow-acting drugs for osteoarthritis (SYSADOA) are an effective
symptomatic treatment.
e Intra-articular injection of corticosteroids/HA acid to treat effusions and severe

pain.
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Precisely because of the various side effects generated by the pharmacological therapy of
GA, in recent years new treatments have been evaluated to curb the disease and the

importance of HA has been emphasized >°.

One of the most recommended treatments in the first degrees of GA is the use of HA in
viscosupplementation >1. Viscosupplementation is a possibility of local treatment of knee
arthrosis and, for this reason, represents a valid alternative to systemic therapy. In fact,
the main advantage of the intra-articular route of administration is that the drug directly
reaches the cartilage, hereby, systemic exposure to the therapeutic agent is avoided #°.
The term "viscosupplementation” refers to the procedure which involves, in particular,
the injection of products based on HA with a gel-like consistency, adequate viscosity to
the joint fluid. This procedure has been studied as a possible treatment of osteoarthritis
conditions since the 1970s; it is currently approved for the treatment of GA in those
patients who have persistent pain or who cannot tolerate other conservative treatments
47, The SF of the joint affected by OA is no longer able to absorb the shocks due to
movement and lacks sufficient lubrication; this is mainly due to the reduced presence of
adequately viscous high molecular weight hyaluronic acid (HMWHA) and the presence of
low molecular weight (LMWHA) 5253, Therefore, the sequential injections of HA foreseen
in the viscosupplementation have been designed to restore the correct composition of the

SF. The effects of viscosupplementation of HA are illustrated below.

» Anabolic effect of Hyaluronic Acid viscosupplementation
Intra-articular injections of HA interfere with the endogenous synthesis of HA by
stimulating its production at the level of synovial fibroblasts. As previously
discussed, increased degradation of the polymer is observed at the level of the
arthritic joint; the increase in the endogenous synthesis of HA therefore makes an

important contribution to slowing down the progression of the disease >4.

» Analgesic effect of Hyaluronic Acid viscosupplementation
A single injection of HA has been shown to produce a significant decrease in the
pain symptom of OA 53. The analgesic effect of HA is expressed through two main

mechanisms: direct and indirect. The direct mechanism involves the inhibition of
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nociceptors, the terminal receptors of the nociceptive fibres that carry the painful
stimulus. The indirect mechanism instead involves the inhibition of substance P, a

peptide involved in the activation of the same nociceptors 54

» Chondroprotective and antioxidant effect of Hyaluronic Acid viscosupplementation
Intra-articular injections of HA lead to a reduction in chondrocyte apoptosis and
increase their proliferation 5>°¢, Numerous chondroprotective effects of intra-
articular injection of HA have been observed and most of these are mediated by
the interaction of HA with its receptor CD44. For example, the HA-CD44 binding
leads to the inhibition of the expression of numerous metalloproteinases, the main
ones responsible for the degradation of the ECM 5758, The same interaction leads
to the reduction of the expression of some peptidases involved in the degradation
of the most important synovial components, with a consequent chondroprotective
effect 59-61, Finally, an important effect deriving from the binding of the polymer to
its receptor concerns oxidative stress: the production of reactive oxygen species
such as NO leads to the degeneration of articular cartilage by increasing
chondrocyte apoptosis ¢2. Intra-articular injection of HA has been shown to reduce
oxidative stress, and therefore the production of free radicals, induced by IL-1f3, by

inhibition of interleukin expression 6364,

» Anti-inflammatory effect of Hyaluronic Acid viscosupplementation
Inhibition of IL-1p expression through the interaction of HA with its receptor CD-
44 also produces an anti-inflammatory effect since IL-18 is a major pro-
inflammatory cytokine involved in the pathogenesis of GA 6566, Likewise, the
expression of other inflammatory mediators, such as PG-E2, IL-6, IL-8 and TNF-a
is inhibited 67.68, Some in vitro studies have shown that HA can also act upstream,
influencing the release of arachidonic acid from synovial fibroblasts ¢9; it is an
important anti-inflammatory mechanism because extracellular arachidonic acid is
generally taken up by synovial leukocytes and converted into pro-inflammatory

mediators such as prostaglandins and leukotrienes.
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Surgical approach of Gonarthrosis

When GA has a high grade on the Kellgren-Lawrence scale and the previously discussed
treatments are ineffective, surgery is required. The procedures, as can be seen in Tab.3,
are essentially divided into two groups: conservation procedures and replacement

procedures.

Joint-preserving surgical . .
. t 1
treatment options Joint replacing

Symptomatic: Unicompartmental
Arthroscopy
Lavage
: Total knee arthroplasty
Shaving

Debridement

Bone stimulation:

Drilling
Microfracturing
Abrasion arthroplasty

Joint surface restoration:

Cartilage
Autologous chondrocyte transplantation
(ACT)
Autologous osteochondral transplantation
(ocT)

Corrective osteotomy near the joint

Tab.3. Summary of surgical procedures in GA: conservation procedures and replacement
procedures of the joint 43.
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1.2. Hyaluronic Acid

Hyaluronan, or HA, is the major hydrodynamic non-protein component of joint SF 70, It is
present in high concentrations in connective tissue, such as skin, vitreous humor, cartilage
and umbilical cord, but the largest single reservoir is the SF of the diarthrodial joints 71.
Its unique viscoelastic properties confer remarkable shock absorbing and lubricating
abilities to SF, while its enormous macromolecular size and hydrophilicity serve to retain
fluid in the joint cavity during articulation. HA restricts the entry of large plasma proteins
and cells into SF but facilitates solute exchange between the synovial capillaries and
cartilage and other joint tissues. In addition, HA can form a pericellular coating around
cells, interact with proinflammatory mediators, and bind to cell receptors, such as cluster
determinant CD44 and receptor for hyaluronate-mediated motility (RHAMM), where it
modulates cell proliferation, migration, and gene expression. All these physicochemical
and biologic properties of HA have been shown to be MW dependent. Today, HA is a key
molecule in various fields of application: medical, pharmaceutical, food and cosmetics. For
this reason, it is still widely studied, and the goal is to improve the knowledge of its

properties, in order to optimize its biotechnological production and implement its uses 72.

1.2.1.  Properties of Hyaluronic Acid

HA is a molecule that belongs to a group of polysaccharides of the connective, epithelial
and nervous tissue of vertebrates. These polysaccharides are called glycosaminoglycans
(GAGs) 72. All GAGs are characterized by the same basic structure: they are single-chain
unbranched polymers, consisting of repeating disaccharide units of an amino sugar (N-
acetyl-glucosamine or N-acetyl-galactosamine) and a uronic sugar (glucuronic acid,
iduronic or galactose). In addition, GAGs have phosphate groups, their polysaccharide
chains are relatively short (<50 kDa) and their synthesis occurs at the level of the
endoplasmic reticulum and Golgi apparatus of different cell types 72.

HA is quite different from other glycosaminoglycans: its synthesis does not take place in
the Golgi, but at the level of the inner surface of the plasma membrane; it has no sulphate
groups and its primary structure is free of peptides; its MW is generally very high

(HMWHA reaches 108Da) 7273,
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The main structure of HA is formed by a polysaccharide linear chain containing repeated
disaccharide units, joined by -1,4 glycosidic bonds: each disaccharide consists of an N-
acetyl-D-glucosamine molecule and a D-glucuronic acid molecule, joined by (-1,3
glycosidic bonds 70. When both monosaccharides are in 3 configuration, an energetically
very stable structure is obtained: all the functional groups with greater steric
encumbrance (hydroxyl, carboxyl, acetamide and anomeric carbon) are in an equatorial
position, sterically favourable, while all the small hydrogen atoms occupy the axial
position, energetically less favourable. Hereby, the structure of the disaccharide shown in
Fig. 3 is found to be energetically very stable 74 The definitive structure of HA is
particularly rigid: this is mainly due to the alternation of hydrophobic and polar groups
which, forming intra- and inter-molecular hydrogen bonds, limit the free rotation of the
"backbone" of the molecule around the glycosidic bonds 7.

Another important aspect of the chemistry of the molecule is represented by the carboxyl
groups; these, at physiological pH, are endowed with a negative charge, which can be
balanced by a cation such as Na*, K*, Ca2* and Mg*. Thus, in aqueous solution, HA is a
negatively charged molecule and forms salts generally called hyaluronans or
hyaluronates 7¢. As salts, they are very hydrophilic and surrounded by water molecules;
more precisely, as shown in Fig.3, water molecules establish hydrogen bonds with the
carboxyl and acetamide groups, thus stabilizing the secondary structure of the
biopolymer. This structure is described as a single-stranded levo-turn helix, in which each
turn consists of two disaccharide units: the definitive secondary structure corresponds to
a double helix. The two helices that constitute it are identical but, the fact that they are
antiparallel, suggests the ability of the molecule to use them both in a completely

equivalent way 7.
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Fig.3. Chemical structure of the disaccharide (A) and trisaccharide (B) unit of HA.
Hydrophilic functional groups and hydrophobic portions are highlighted in blue and
yellow, respectively, while hydrogen bonds are represented by dashed green lines 72.

1.2.2.  Biology of Hyaluronic Acid
Localization of the Hyaluronic Acid

The HA, as already mentioned, is a widely diffused molecule in our body; the total content
of HA in the human body is about 15 g for an adult weighing 70 kg. Most of it is located in
the skin 4772, HA is also widespread in the ECM of connective tissues: the SF of the joints
and the vitreous humor of the eye, being mainly composed of ECM, contain an important
quantity (3-4 mg/ml and 0.1 mg/ml, respectively 7071, In particular, the higher
concentration of HA localized in the SF has the aim of providing sufficient lubrication to
the joint and, at the same time, to act as a "shock absorber”, reducing the friction between

the moving bones and their usury #7.

Biosynthesis and degradation of Hyaluronic Acid

In the human body, HA is synthesized in synoviocytes, chondrocytes and fibroblasts by
enzymes called hyaluronic acid synthases (HAS): in our body there are three isoforms,
HAS1, HAS2 and HAS3 4772, HAS1 is the constitutive isoenzyme, responsible for the
synthesis of high MWHA (2 x 10 Da); HAS2 is more active and also produces MWHA,; it
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also regulates the processes of tissue development and repair. HAS3 is the most active
isoenzyme and is responsible for the synthesis of LMWHA (3 x 105 Da) #7. The expression
and activity of HAS isoforms are finely regulated by growth factors, cytokines and other

proteins such as kinases, in different ways that appear cell-specific and tissue-specific 77.
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Fig.4. Synthesis and degradation of hyaluronan. (A) Mechanism of synthesis of
hyaluronan by HAS. (B) The endolytic mechanism of degradation of HA (MW 10¢-107 Da)
by HYAL:s is represented in the lower section.

As can be seen in Fig.4 A, it begins with the entry of glucose and glucosamine into the cell,
through the GLUT transporters. The enzymes UDP-glucose pyrophosphorylase (UGPP)
and dehydrogenase (UGDH), starting from glucose 1-phosphate and by two sequential
reactions, lead to the formation of UDP-glucose (UDP-G) and UDP-glucuronic acid (UDP-
GIcUA), respectively; the latter is the first of the two precursors of HA. The second
precursor is UDP - N-acetylglucosamine (UDP-GIcNAC) and is also synthesized, starting
from glucosamine, through a series of sequential reactions. The two precursors can be

transported within the endoplasmic reticulum and the Golgi apparatus for the
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biosynthesis of other glycosaminoglycans or be conducted directly on the inner surface of
the plasma membrane, where HAS enzymes are located, for HA biosynthesis 78.

Removal of HA is as important as its synthesis in terms of tissue homeostasis and
morphogenesis. The degradation of HA in the human body is achieved through two main
mechanisms: one is specific and is mediated by enzymes called hyaluronidase (HYALSs),
while the second is totally non-specific and is determined by oxidative damage caused by
reactive oxygen species (ROS). Together, HYALs and ROS are responsible for degrading
about 30% of the total HA content present in the human body. The remaining 70% is
catabolized systemically: the polymer is transported to the lymph nodes via the lymphatic
circulation, where it is internalized and degraded by the endothelial cells of the lymphatic
vessels. Finally, small amounts of HA are conducted in the bloodstream and degraded in
the liver 7°. Meyer in 1952 identified three main groups of hyaluronidases, classified on
the basis of their mechanism of action: two groups are endo-f3-N-acetyl-hexosaminidase,
one of which is present in vertebrates 8081 while the other is predominantly in bacteria 8;
the third group are endo-f-glucuronidases and are predominantly present in leeches 83
and some crustaceans 81.

Hyaluronidases present in the human body have a mechanism of action that consists in
the random breaking, by hydrolysis, of the (-N-acetyl-D-glucosamine bonds (3-1,4
glycosidic bonds) of HA chains, for this reason they are called endoglycosidase. The
products of HA degradation by HYALs are smaller molecules than the starting polymer,
but they are different depending on the enzyme involved, both in size and biological
activity; In fact, HYALs can generate a wide range of oligomers, starting from HA, with a
wide spectrum of biological activities, which varies according to their size 84. As we see in
Fig.4 B, the mechanism of degradation of HA (MW 106-107 Da) by HYALs is represented
in the lower section. The fragments (MW 2 x 104 Da) formed initially by the action of
HYAL-2 are enclosed in endosomes and then in lysosomes. The collective activity of HYAL-
1, B-glucuronidase and (3-N-acetylglucosaminidase in lysosomes induces the degradation
of HA to tetrasaccharides (MW 800 Da). Finally, individual sugars (MW 200 Da) are
formed by the lysosomal [(-N-acetylglucosaminidase, [-exoglycosidases and [-
glucuronidase. These free sugars are extruded to the cytoplasm to enter different cellular

reactions.
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Mechanism of action and biological roles of Hyaluronic Acid

As mentioned above, HA is the main non-protein hydrodynamic component of SF; its high

MW and hydrophilicity allow fluid retention within the joint cavity during movement,

giving the joint adequate lubrication 47. The balance between the synthesis and

degradation of HA plays a fundamental regulatory function in the human body as it

determines not only the amount of polymer produced, but also its MW; in fact, the

mechanism of action and, consequently, the biological roles of HA, depend strictly on its

size 84 The HA as well as having a passive structural role, also act as a signal molecule 72.

However, HA has a complex and specific biological activity based on the presence of HA

receptors, also referred to as hyaladerins, which are responsible for its sequestration,

internalization, signaling and metabolism. The hyaladerins area heterogeneous group of
proteins that are able to bind the HA. The most important receptors of HA are reported:

e (CD44. The main HA receptor is CD44, expressed in a wide variety of cells. It is a

single-pass multimembrane glycoprotein consisting of four functional domains:

one intracellular, one transmembranous, one proximal extracellular and one distal

extracellular 8. The receptor domain mainly responsible for binding to HA is the

distal extracellular domain; recent studies have shown that this domain is the only

one involved in binding to the polymer so that, mutations at the level of this region,

prevent its anchoring and inhibit the affinity of anti-CD44 monoclonal antibodies

86, The binding of HA with CD44 allows the realization of numerous cellular

functions but, above all, it mediates the internalization and subsequent

degradation of HA inside the cells. Generally, the turnover of the macromolecules

that make up the matrix occurs by extracellular enzymes (such as MMPs) or by

endocytosis followed by degradation within the lysosomes 87. However, in the case

of HA, with the exception of the non-specific mechanism of depolymerization by

ROS and partial cleavage by HYALZ2, there are no enzymes capable of completely

degrading HA 88. For this reason, CD44 can be considered the main system of local

removal of extracellular HA; subsequent studies have confirmed this thesis by

showing that the limiting factor in the rate of degradation of the polymer is not so

much the level of activity or expression of lysosomal hyaluronidases, but the ability

of the polymer to uptake by cells 8°. CD44 performs another important function: it

allows cell migration and adhesion of cells to ECM components. In fact, if on the
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one hand the distal extracellular domain of the receptor is involved in the binding
with HA, on the other hand the intracellular domain interacts with the
cytoskeleton; for this reason, when the polymer binds the receptor, an indirect
interaction between polymer and cytoskeleton is established that promotes cell
migration 0. The CD44-HA interaction is involved in numerous other signaling
pathways that control important biological processes, including angiogenesis and
cell proliferation; the receptor plays a critical role in inflammation and tissue
repair?l. However, abnormal activation of the CD44-HA signaling cascade, as well
as CD44 up-regulation due to pro-inflammatory cytokines such as IL-1 or growth
factors such as epidermal (also able to bind the receptor), can lead to the
development of pathological lesions and malignant transformations 22; CD44 is

overexpressed in several solid tumors, such as pancreatic and lung tumours 3.

TLRs. HA is involved in regulating the activity of toll-like receptors (TLRs). These
receptors recognize and bind lipopolysaccharides and bacterial lipopeptides,
initiating the innate immune response 78. Two possible mechanisms have been
proposed to explain the influence that HA can have on these receptors:
-According to the first theory, LMWHA has the ability to bind TLRs acting as
an agonist and thus triggering a pro-inflammatory reaction 21,94,
-The second theory denies the possibility of a link between TLRs and HA;
however, it argues that the polymer has a regulatory function towards the
receptor. More precisely, HA would be able to modulate the interactions of
TLRs with their ligands, simply through the formation of a pericellular
viscous "barrier"?>. In fact, under physiological conditions, HMWHA creates
a dense and viscous protective coating around cells, thus limiting the
interactions of surface receptors, such as TLRs, with their ligands. In fact,
during the inflammatory process there is an imbalance between the
synthesis and degradation of the HA, which is in favor of degradation 0. With
the degradation process the MW of HA decreases and, with it, its viscosity
also decreases; this process leads to a reduction in the thickness of the
pericellular layer and therefore to greater accessibility of surface receptors

by their ligands. The consequences are the triggering of the innate immune
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response and the development, downstream, of the inflammatory

activation®>,

The importance of Hyaluronic Acid molecular weight

The circumstances of synthesis and degradation, and therefore the HW of HA, are key
factors in determining its biological roles 929697, In fact, the polymer, depending on its size,
can even give rise to opposite effects and, when it is present in the same tissue
simultaneously in the high and low MW form, it can exert an action that is different from
the simple sum of the two 91.96.
HMWHA (> 10 Da) is localized in an extracellular environment and performs the
following important functions:
o Anti-angiogenic, as it is able to inhibit the growth of endothelial cells 1.9
e Anti-inflammatory and promotes repair in case of tissue damage, since it is able to
bind fibrinogen and modulate the recruitment of pro-inflammatory cells and
cytokines %
e Lubricant, an effect that exerts at the level of the articular SF thanks to its high

viscoelasticity and hygroscopicity 28,

During some particular pathological conditions, generally on an inflammatory basis such

as asthma, pulmonary fibrosis, chronic obstructive pulmonary disease (COPD) and

rheumatoid arthritis, HMWHA is degraded to a greater extent than normal physiological

conditions (probably also due to the presence of ROS, as proposed above): this leads to

the formation of smaller fragments of the polymer (from 2 x 104-6).

LMWHA has been shown to have opposite functions to the previous ones:

e Pro-inflammatory, as it stimulates the recruitment of pro-inflammatory cytokines and
chemokines 91,

e Pro-angiogenic, since it favors the recruitment of growth factors and promotes ECM
remodeling 9.

e Itinduces tumor progression 9199,

This is only a small summary of the biological properties of HA, and it is sufficient to

deduce that it is a polymer involved in numerous physiological and pathological
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processes. However, despite the studies conducted so far, there are still many aspects to

be clarified concerning its mechanisms of action and its molecular biology 72.

1.2.3.  Synthetic modifications of Hyaluronic Acid

As stated above, HA in its native linear form has numerous and interesting uses in the
medical, pharmaceutical, cosmetic and food fields. However, the introduction of synthetic
modifications on the structure of the polymer represents an important strategy to extend
its possible applications. With the design of synthetic derivatives, it has been possible to
obtain more performing products that do not lose the precipual properties of the native
polymer such as biocompatibility, biodegradability and mucoadhesiveness 7290,

In general, as shown in Fig.5, the structure of HA can be modified through two main
mechanisms, which exploit the same chemical reactions, but which give rise to different

products: conjugation and cross-linking.
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Fig.5. Main chemical modifications of HA: conjugated and crosslinked HA (A). HA
formulations used for pharmaceutical, medical, food and cosmetics: native, conjugated
and crosslinked (B) 72.
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Conjugation consists in the insertion of a monofunctional molecule on HA chain through
the formation of a single covalent bond; cross-linking, on the other hand, involves the use
of polyfunctional compounds which, by establishing a greater number of covalent bonds,
are able to join together several polymer chains 100. Conjugation can only take place
starting from the native hyaluronic acid molecule, while cross-linking can also be carried
out starting from conjugated derivatives 72; preliminary conjugation has the advantage of
allowing cross-linking of the polymer with a wide variety of molecules in order to obtain,
for example, drug delivery systems with better transport properties and to develop
prodrugs 100,

As previously stated, native HA already has the characteristics of biocompatibility and
biodegradability necessary to make it suitable in the various fields of use, but at the same
time it has an important limit: following injection, it is rapidly degraded and eliminated
through oxidative and enzymatic mechanisms, so its permanence on site is small.
Subjecting the polymer to cross-linking reactions overcomes this problem, since its
susceptibility to enzymatic degradation is drastically reduced 101,102,

Another important advantage of cross-linking is that the derived polymer has better
mechanical, rheological and hygroscopic properties 101103 At the same time, however,
cross-linking is due to the formation of excessively viscous solutions of HA; this is a
problem especially from a practical point of view as it makes it difficult to inject it. This
limit is exceeded in the formulation steps of the preparation: generally, to
viscosupplements containing fluid HA, cross-linked particles are also added that have the
ability to reduce its viscosity, allowing it to be injected with appropriate needles and
reducing unwanted side effects such as pain, bruising, bleeding and edema. In addition,
small particles, such as microparticles, increase the surface area available for interactions
by promoting polymer adhesion at the site of action and act as efficient scaffolds for cell

growth in tissue regeneration 104,

Cross-linked and linear intercalated hyaluronic acid (CLHA) the example of
Regenflex Bio-plus formulation from Regenyal Laboratories SRL

Cross-linked and linear intercalated hyaluronic acid (CLHA) is a type of HA that has been

chemically modified to make it more resistant to degradation by hyaluronidase. CLHA is
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used in medical treatments for its ability to joint lubrication and pain relief and is available
in the form of injectable formulation.

Intra-articular injections of CLHA Bioplus are used in the treatment of joint pain and OA.
The CLHA acts as a lubricant and shock absorber in the joint, helping to reduce pain and
improve joint function. This type of injection is usually administered by a healthcare
professional directly into the affected joint. The effects of CLHA bioplus injections
typically last for several months, and repeat injections may be needed to maintain their
beneficial effects.

It has been recently showed that timed-sequenced intra-articular injections of linear HA
and CLHA represents a safe and highly effective treatment in patients affected by low
degree GA with a significant and perduring improvement also in the worse GA cases 105,
a finding in keeping with established data from literature 106,107,

The new formulation of CLHA is a transparent gel based on cross-linked HA and linear
intercalated HA, created through an advanced and patented technological process. This
intra-articular injection is intended to prevent or reduce pain due to OA, restoring the
normal cushioning and lubrication function typical of the joint, and is aimed to improve
not only joint function, but also the quality of life of the patients.

As already mentioned in the previous chapter, the mechanisms of action of HA vary
according to its MW. Indeed, MW influences the amount of exogenous HA capable of
passing through the synovial membrane: this quantity is inversely proportional to the MW
itself.

As illustrated in Fig.6, CLHA consists of a blend of cross-linked high MW fraction of HA
(HMWHA) of 1 and 2 million Da and of a linear low molecular weight fraction of HA
(LMWHA) of 500 KDa. The HMWHA has a volumetric and visco-suppletive action, it lasts
for a long time in the synovial space without crossing the membrane and undergoes a
slower enzymatic degradation as compared to the linear form; LMWHA crosses the
synovial membrane, has a restructuring action, modulates the action of macrophages and
metalloproteases, promotes cartilage repair and possesses analgesic action. The cross-
linking agent is 1,4-butanediol diglycidyl ether (BDDE).

In summary, the main effects of CLHA are as follows:

e viscosupplementing effect due to HMWHA
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e viscoinduction! effect due to LMWHA 108

o regulates the action of macrophages

e normalizes metalloproteases

e promotes analgesic effects by occupying CD42 sites (pain receptors)
e promotes cartilage repair through the LMWHA fractions

e high residence time in the articular environment

With the same product, the restoration of the volume of the articular chamber is obtained
at the same time, through the introduction of cross-linked HA, and a simultaneous receptor
stimulation action on synoviocytes and chondrocytes given by the linear fraction of

intercalated HA released gradually over time.
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Fig.6. Description of the cross-linking process. A crosslinked HA layer is intercalated with
alinear HA layer (A). after a "gentle mixing" process allows uniform distribution of BDDE
(B). The linear intercalated ha is protected from the enzymatic degradation by the
degradative enzymes that are in the synovial cavity. The cross-linking process also allows
that a slow-release formulation.

1 Viscoinduction is a term used in the medical community to describe the phenomenon of the clinical
benefits of HA exceeding that of a physical lubricant/cushioning effect alone. Viscoinduction ensures that
clinical efficacy is maintained for several months despite the half-life of intra-articular HA being only a few
days.
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1.3. Extracellular Vesicles

Recently, membrane-bound microparticles/microvesicles, apoptotic bodies, and
exosomes, collectively known as extracellular vesicles (EVs), have been identified and
shown to carry microRNA (miRNA), mRNA, and proteins both in eukaryotes and
procaryotes 36109, This is due to their ability to transfer proteins, lipids and nucleic acids,
thus affecting different physiological and pathological functions of both target and
progenitor cells 110111 [n recent years, the research has particularly focused on the role of
EVs in different diseases such as cancer or autoimmune diseases; unfortunately, the
importance of EVs in the maintenance of homeostasis, in the regulation of physiological
functions and their eventual shift toward pathological conditions has been less studied.
As a consequence, their role in OA has not yet been fully defined. In this research thesis
we focused on EVs pro-inflammatory role in the pathogenesis and progression of GA and
on the identification of the possible, positive interaction of HA on EVs-driven detrimental

processes.

1.3.1.  Extracellular vesicles classification

An important step in recent developments in the EVs industry was made in 2011 by
members of the International Society of Extracellular Vesicles (ISEV) with the aim of
unifying the nomenclature and methodology for isolating EVs. The accumulated data
indicated that the content, size and composition of the EVs membrane are very
heterogeneous and dynamic and depend on the state of the cell of origin and the
conditions of the environment. To date, many subgroups of EVs have been defined and
the three broad categories of EVs are distinguished based on their biogenesis.
Microparticles/microvesicles are formed by outward budding and fission of the plasma
membrane 112, Exosomes are created in the endosomal network of the cell and released
by the fusion of multivesicular bodies with the plasma membrane 112. Apoptotic bodies
are formed as cells undergoing apoptosis and release their contents in membrane-bound
vesicles 112, Unfortunately, the methods of isolation of EVs are not entirely specific; these
procedures typically fail to purify specific types of vesicles but, instead, produce complex

mixtures of various types of EVs. It is difficult to distinguish these three subgroups of EVs.
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However, size is one of the determining factors for characterising EVs; mainly the vesicles
with more than 100 nm diameter are considered microvesicles and vesicles with size less
than 100 nm are called exosomes 113, Another mechanism of characterization of these
particles is the analysis of their protein composition 114, Although this is a is a good
classification method, there is no single marker that completely defines the type of EVs
112, Some markers such as tetraspanins CD9, CD63, and CD81 and calnexin were at one
point thought to be specific to exosomes but this has now been disproven 112,
Establishment of multiple public databases that profile the protein composition of
different EVs has helped with the identification process 115. The term exosome is often
used generally to reference these membrane-bound particles, and there has been a large
increase in publications on exosomes since 2010 114116, [n the absence of a standard
approach to isolating exosomes, this doctoral thesis will refer to these small, membrane-
bound particles as EVs. In summary, the most important criteria for the classification of
EVs are considered the size, density, morphology, lipid and protein composition and

subcellular origin that are shown in Tab.4.

MAIN CHARACTERISTICS OF DIFFERENT TYPES OF VESICLES DERIVED FROM

EUKARYOTIC CELLS
Type Diameter  Density = Morphology Origin Composition
nm g/ml (TEM)
Endosomal Known
1.13-
Exosomes 50-100 119 Cup-shaped plasma biochemical
' membrane composition
200- Plasma Not fully
Microvesicles unknown Cup-shaped
1000- membrane known
Plasma
Apoptotic 1000- 1.16- membrane/ Histones,
Cup-shaped
bodies 5000 1.28 endoplasmic DNA
reticulum

Tab.4. Main characteristics of different types of vesicles derived from eukaryotic cells 112,
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1.3.2.  Extracellular vesicles in the pathogenesis of Osteoarthritis
As already mentioned, OA is the result of a multifactorial process that involves various
cell types and mechanisms: increased levels of inflammatory components, metabolic
changes, cellular senescence, and mechanical overload are thought to be related to the
development of OA 117,118 A]] these factors result in a degradation of the ECM and the
release of pro-inflammatory mediators that infiltrate reducing the function of
chondrocytes and promoting cellular senescence. These factors lead to erosion of the
cartilage surface, which in turn cause matrix degradation and the release of pro-
inflammatory mediators as chondrocytes attempt repair 11°. Interestingly, the production,
degradation, and content of EVs are associated with all these processes 1120121 indicating
that EVs play an essential role in the pathogenesis of OA. In fact, the EVs serve as a
communication pathway between different tissue types and between different cell types,
and thus represent a crucial step in the regulation of the disease process. In addition, EVs
also affect other factors related to OA pathogenesis, such as angiogenesis and mechanical
overload 122,
It has been said that OA is an inflammatory disease characterized by synovitis, a pro-
inflammatory/catabolic state of chondrocytes, and destruction of subchondral bone 123,
The SF was infiltrated by leukocytes and monocytes that play an active role in
inflammation 124, Although the study of EVs is now very thorough, but their pro-
inflammatory role in OA is not yet well understood.
It is currently thought that EVs aggravate inflammation in OA disease through three
mechanisms:

o EVslead to the spread of synovial inflammation by activating macrophages in SF;

e Subchondral bone remodeling is also regulated by EVs;

e EVs from various cells in the joint microenvironment affect chondrocyte

catabolism and promote cartilage destruction.

Correspondingly, inflammation can also alter the amount and content of EVs. For example,
IL-1B stimulated synovial fibroblasts and macrophages show increased production of
exosomes 122, and inflammatory mediators such as TNF-a, affect the protein and RNA
concentrations in EVs 125, Thus, inflammation and EVs interact to promote the

development of inflammation in OA.
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1. EVs in the synovial inflammation 2. EVs in the catabolism of chondrocytes
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Fig.7. EVs from different cells exacerbate the inflammation of OA: (1) EVs from SF and
chondrocytes affect macrophages, leading to the intensification of synovial inflammation.
(2) EVs from the joint microenvironment affect chondrocyte metabolism, leading to
increased catabolism and cartilage matrix destruction. (3) EVs from osteoclasts cause
abnormal subchondral bone remodeling.

Extracellular vesicles in the synovial inflammation

As already mentioned in the chapter on GA, synovitis is one of the main manifestations of
the pathology. Inflammation of the synovium is characterized by significant cell
proliferation, tissue hypertrophy, vascular hyperplasia with subsequent release of
inflammatory mediators during the early stages of the disease. During the process of
repairing synovial tissue, the cells involved in the inflammatory process produce other
mediators: this creates a feedback loop that results in joint degeneration 126, EVs are
involved in cell-to-cell communication between synoviocytes, chondrocytes immune cells
participating in the process of OA, promoting synovial inflammation. Activated
macrophages and monocytes infiltrated into the synovium have been shown to play an
important role in synovitis, although to date the mechanism of activation remains

unknown. Rossana et al. observed that SF-isolated EVs from osteoarthritic patients
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significantly stimulate macrophages to release inflammatory mediators and cytokines,
MMPs and chemokines 127. The immunomodulatory properties of EVs isolated from OA
SF have been demonstrated for the first time. Similarly, Ni and colleagues showed that
exosomes from OA chondrocytes enhance the maturation of IL-1f in macrophages 128,
This means that an increase in mature IL-1 may aggravate synovial inflammation and

promote the progression of OA.

Extracellular vesicles in the remodeling of the subchondral bone

As mentioned in the chapter on GA and anatomy of the knee, the structure and
composition of subchondral bone in OA is profoundly altered. Some research have shown
that changes in the subchondral bone may determine cartilage degeneration and loss 129-
131, Osteoblasts during the inflammatory process express various factors and enzymes of
degradation that cause bone destruction, and all this leads to the remodeling of the
subchondral bone 132, EVs might be associated with abnormal subchondral bone
destruction and remodeling. Previous studies have shown that EVs from COA are involved
in osteophyte formation in GA 133, Recent research has shown that when subchondral
bone has abnormal calcifying, histone deacetylase 6 (HDAC6) stimulates chondrocytes to
release EVs that carry messages that increase bone degradation and calcification134. In
addition, it has been seen that the EVs released by osteoclasts are also involved in the
processes of subchondral remodeling in GA 135. Another study showed that EVs released
from subchondral bone carry some miRNAs. Probably miR-210-5p can activate the
catabolism of chondrocytes and induce the modification of the subchondral bone, as well
as osteoarthritic cartilage 13. At present, studies on EVs in subchondral bone changes are

insufficient, although interest in these issues is growing rapidly.

Extracellular vesicles in the catabolism of chondrocytes

As mentioned above, the chondrocytes are responsible for regulating the structure and
composition of cartilage, dealing with the production of collagen II. If chondrocytes are
activated by inflammatory mediators, they also produce pro-inflammatory cytokines,
interleukins and TNFa. Consequently, the action of MMPs and ADAMTs increases 137.

Simultaneously, chondrocytes express many Toll-like receptors on their surfaces and are
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activated by injury-related molecular patterns. Chondrocytes, after all these changes,
secrete substances that promote matrix degradation 138 During the inflammatory
process, EVs found in the articular environment secreted by chondrocytes and infiltrated
immune cells are important in the transmission of inflammatory signals.

Studies from literature have shown that EVs released from primary chondrocytes from
patients with GA (COA) pretreated with IL-1 negatively stimulate healthy chondrocytes
139, Furthermore, it has been seen that exosomal PCGEM1 secreted by primary
synoviocytes from patients with OA (SOA) promotes the expression of IL-3: also, in this
case interleukin induces apoptosis of chondrocytes and matrix degradation 140,
Chondrocytes can internalize OA subchondral osteoblast-derived EVs with high miR-210-
5p expression, which inhibits the oxygen consumption rate of chondrocytes and triggers
catabolic gene expression in chondrocytes 136. SF-derived exosomes in patients promote
joint degeneration by recruiting inflammatory cells and inhibit cartilage repair increasing
the expression of inflammatory markers 141, A study also found that SF-derived exosomes
loaded with higher levels of miR-193b-3p, which targets HDAC3 and promotes H3
acetylation, affects the catabolism of chondrocytes 142, These researches indicate that EVs
from different cells can be internalized by COA and induce chondrocyte degeneration by
delivering various inflammatory markers, miRNAs and circRNAs.

Taking inspiration from these investigations, we wanted to analyse how the EVs released
by a monocytic cell line (THP-1), stimulate or not with IL-1f, internalized by COA, could
stimulate COA and if indeed the CLHA used could somehow protect chondrocytes from
cell damage. In fact, an attempt has been made to recreate in vitro the situation that would
have been created in vivo during the inflammatory process of GA in the synovial

environment.
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2. AIM OF THE STUDY

The aim of this study is to investigate the effect of a clinically active HA formulation
(CLHA) on the responses evoked by EVs (collected from IL-B-stimulated THP-1 human
monocytes) in primary cultures of chondrocytes (COA) isolated from patients with

advanced OA.

As it will be illustrated in detail in the next chapters, this experimental setting has been
designed in order to study these events in an in vitro, simplified inflammatory
environment resembling some of the pathologically relevant circumstances that take

place in vivo.
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3. MATERIALS AND METHODS

3.1. THP-1 cells treatment

THP-1 cells (ATCC, Manassas, USA) were routinely grown in a humidified incubator at
37 °C with 5% CO. in RPMI 1640 (BioWest) supplemented with 10% heat-inactivated FBS
(Gibco) and 100 units/ml penicillin, 100 pg/ml streptomycin and 292 pg/ml 1-glutamine
(Gibco). Cells were seeded at 1 x 106 cells/ml in 400 ml into two 150 cm3 tissue culture
flasks, treated with or without IL-13 (2 ng/ml) for 12 hours. Then the cells were
centrifuged at 300 g, washed and reseeded at the concentration of 1 x 10¢ cells/ml in
serum free medium for 24h. The cells were centrifuged, and the supernatant was then

collected. The supernatant was further centrifuged at 1,000 and 2,000 x g for 30’ a 4°C.
3.2. Isolation and characterization of EVs0 and EVs+

The supernatants obtained, as described in Fig.8, were centrifuged at 100,000 x g 4°C for
90’. The supernatant was discarded and dry EVs stored a -80°C. For the experiments with
primary osteoarthritic chondrocytes (COA) and CLHA, EVs were resuspended in 50ul of
serum free DMEM/HAM F12 medium (Gibco). It was used 10 ul/well of this EVs solution

for the concentration of EVs (7.2x107 particles/ml) 143,
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Fig.8. THP-1 treatment w/o IL-1f 2 ng/ml for 12 hours and collection of EVs0 and EVs+.

Evs0O and EVs+ preparations were analysed by tunable resistive pulse sensing (TRPS)
using a qNano instrument (IZON Sciences Ltd., Lyon, FR) to measure their concentration
and size distribution. NP150 nanopore membranes were used to measure the samples of
EVs, respectively. At least 500 events/sample were counted. Calibration was performed

using calibration bead CPC 200, provided by the manufacturers.

3.3. Internalization of EVs in COA

To detect the EVs internalisation in the COA, we use a fluorescent marker of EVs. The
ExoGlow-Membrane™ EV Labeling Kit (System Biosciences, USA) enables the tracking of
cellular interaction and uptake of exosomes with low background and high selectivity. The

reagent specifically labels intact EVs for fluorescence-based detection, while showing
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minimal background in an unbound state. We treated the EVs from THP-1 with the
ExoGlow-Membrane™ EV Labeling Kit following the manufacturer's instructions. Then we
treated the COA with the labeled EVs and we saw the internalization of the exosomes in
the cells in green channel signal using the LEICA DM IL LED microscope coupled to a
LEICA DFC425 C digital camera (Solms, Germany). The images acquired were processed

using the Leica applications Suite program.

3.4. COA Isolation and cell culture

Knee cartilage samples were obtained from 15 diagnosed with advanced OA (aged 50 and
79 years) undergoing total joint replacement. The experimental design was approved by
the Institutional Ethical Committees as indicated above. The entire procedure was
performed as per protocol 144, Small pieces of cartilage were prepared from the femoral
condyles and tibial plateau and were diced in serum-free DMEM/F-12 containing
penicillin and streptomycin (1%) overnight. Then, COA were isolated by enzymatic
digestion: 1 mg/ml type IA collagenase (Sigma-Aldrich) for 2 hours in agitation at 37°C.
The digested tissue was filtered through a 70 um nylon mesh (BD Biosciences), washed,
and resuspended in DMEM/HAM F12 containing 1% antibiotics and 10% FBS (Sigma-
Aldrich). Cell viability was greater than 95% as assessed by the Trypan blue exclusion
test. COA were seeded at 1.0x105 cells/well in 12-well plates and cultured with 5% COz at
37°C in DMEM/HAM F12 with penicillin and streptomycin (1%) and FBS (10%). All

experiments were performed with chondrocyte primary cultures at semi-confluence 144,

Fig.9. Isolation process of primary COA. We can see the cartilage sample (1) that was cut
in small pieces (2) and digested with IA collagenase for 2 hours in agitation at 37°C (3).
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3.5. CLHA cytotoxicity on COA

Before the experiment with EVs, we tried to find a no toxic concentration of CLHA for COA
that we will use in the next experiments (n=5). COA were seeded at the concentration of
1.50 x 10> for well in a 12-well plate. At the semi-confluence, the COA were treated with
three concentrations of CLHA (0.05 mg/ml, 0.1 mg/ml and 0.03 mg/ml) dissolved directly
in the medium DMEM/HAM F12 with penicillin and streptomycin (1%) and FBS (10%).
For the negative control we treated COA cells with H202 (100uM) for 1h, and then we
changed the medium with fresh DMEM/HAM F12 with penicillin and streptomycin (1%)
and FBS (10%). The cells were incubated at three times: 24 hours, 48 hours and 72h.

Supernatants were centrifuged at 300 x g at 4°C and stored at -80 °C until next analysis.

3.6. COA treatment with EVsO or EVs+ and CLHA

The COA (n=5) were seeded at the concentration of 1.50 x 105 cell/well in 12-well plate
and cultured with 5% COz at 37°C in DMEM/HAM F12 with penicillin and streptomycin
(1%) and FBS (10%). At the semi-confluence, the cells were treated with or without CLHA
0.3 mg/ml and EVs0/EVs+ (7.2x107 particles/ml) suspended directly in the medium for
and incubated for 48h or 7 days of incubation with 5% CO2 at 37°C (Fig.12) At 72h we
changed the medium DMEM/HAM F12 with or without CLHA 0.3 mg/ml and Evs0/EVs+
(7.2x107 particles/ml). The conditions were: CTRL, CLHA 0.3 mg/ml, Evs0, Evs0/CLHA,
EVs+, EVs+/CLHA, in duplicate. After this time of incubation, the supernatants were
collected and centrifuged at 300 x g at 4°C and stored at -80°C until analysis. The 12-well
plates were washed with PBS (Corning) and the cellular lysis were perform with 1 ml/well
RIPA buffer (1% Triton X-100, 1% deoxycholic acid, 20 mM NaCl and 25 mM Tris, pH 7.4).

The cellular lysate was washed and collected and stored at -80°C until next analysis.
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Fig.10. Timeline of COA treatments: CLHA cytotoxicity on COA (A) and COA treatment

with EVs0, EVs+, CLHA or their combinations (B). The legends are in the box.
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Fig.11. Scheme of COA treatments.
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3.7. MTT assay

The mitochondrial-dependent reduction of 3-(4,5-dimethylthiazol-2- yl)-2,5
diphenyltetrazolium bromide (MTT) to formazan was performed in COA stimulated with
CLHA at 0.05, 0.1 and 0.3 mg/ml for 24, 48 y 72h in 12-well plates for the evaluation of
cells viability. Cells were incubated with MTT (200 ug/ml) for 2 h. Then, the medium was
removed and cells were solubilized in dimethyl sulfoxide (100 pL) to measure formazan

at 550 nm using a Victor3V microplate reader (PerkinElmer Espana, Madrid, Spain).
3.8. Enzyme-linked immunosorbent assay

The quantification of different exosomal markers in the EVs0 and EVs+ was evaluated by
enzyme-linked immunosorbent assay kit (ELISA). We evaluated by ELISA makers of
surface of exosomes: CD9 of and CD81 (Cell Guidance Systems Ltd, Cambridge, UK), both
with high levels of sensitivity because use a europium fluorophore; cytosolic markers of
exosomes: TSG101 (Aviva Systems Biology, Corp., San Diego, USA) with sensitivity range
of 23.44 pg/ml-1500 pg/ml and human PDCD6IP (Fine Biotech Co., Ltd., Whan, China)
with sensitivity of 46.875pg/ml; and human calnexin as negative marker CNX (ABClonal,
Diisseldorf, Germany) with sensitivity of 0.17 ng/ml. Reading samples for CD9 and CD81
using a Victor3V microplate reader (PerkinElmer Espana, Madrid, Spain) at europium
setting (340-651 nm); the others at 450 nm.

For the evaluation of the inflammatory state of the COA treated with CLHA at 0.05, 0.1 and
0.3 mg/ml for 24, 48 y 72h, in the supernatants the levels of IL-6 were analysed with ELISA
kit (DuoSet ELISA kit, human IL-6, RnDSystems) with a sensitivity of 2.0 pg/ml. To read
the plate were used Victor3V microplate reader (PerkinElmer Espana, Madrid, Spain) at
450 nm. The assay was realized according to manufacturer's recommendations. On the
basis of the results obtained, it was decided to use the highest concentration of CLHA (0.3
mg/ml) at 48h and 7 days of treatment.

In the supernatants from COA treated with EVs0 and Evs+ and CLHA at 0.3 mg/ml, the
levels of IL-6, MMP-13, COL-II were analysed using ELISA kits: IL-6 (RnDSystems) with a
sensitivity of 2.0 pg/ml; MMP-13 (Invitrogen, Life Technologies) with a sensitivity of 6.0
pg/ml and COL-II (Wuhan Fine Biotech Co., Ltd.) with a sensitivity 28.125 pg/ml. The
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assays were realized according to manufacturer's recommendations. To measure the
levels of HNE-protein adducts, cells were lysed with RIPA buffer (1% Triton X-100, 1%
deoxycholic acid, 20 mM NaCl and 25 mM Tris, pH 7.4). Lysates were washed in PBS and
centrifuged at 4 °C for 10 min at 10,000xg. HNE-adducts levels were measured by ELISA
kit (Cell Biolabs, San Diego, CA, USA) with a sensitivity of 1.56 pg/ml, according to
manufacturers. To read the plates were used Victor3V microplate reader (PerkinElmer

Espana, Madrid, Spain) at 450 nm.
3.9. Immuno-Detection of collagen Il released by COA

After treatments (EVsO or EVs+ w/wo CLHA for 7 days), COA were fixed with 4%
formaldehyde in PBS buffer for 30 minutes at 4° C. Collagen Il was detected using the type
II collagen staining system kit (Millipore Corporation, United States, CA), following the
manufacturer's instructions. After fixation, cells were washed with a PBS buffer and
treated with a solution of 1.7% H202 in 70% methanol for 15 minutes to quench the
endogenous peroxidase. Subsequently, the plate was incubated with the block solution
for 30 minutes at room temperature, preventing joints non-specific to the antibodies. The
primary antibody was added and incubated for 2 hours. After 3 washes with PBS buffer,
the secondary antibody streptavidin-HRP conjugated (Agilent Technologies, Singapore)
was added and the plate was incubated for 1 hour. The cells were washed 3 times. The
presence of type II collagen It was revealed with the chromogen insoluble
diaminobenzidine (DAB) (Vector Laboratories, United states), that develops a brown
coloration in a few minutes. The plates were washed with water and observe under the
microscope. All images are processed using the Leica applications Suite program once
acquired with LEICA DM IL LED microscope coupled to a LEICA DFC425 C digital camera
(Solms, Germany). All the histological determinations have been made in a sample size of

3 donors, in which six random fields were chosen.
3.10. Statistical analysis

Data are expressed as the mean and standard error of the mean (mean + SEM). Data were

analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post-test using
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the GraphPad Prism 7.0 software (Graph Pad Software, La Jolla, CA, USA). A p-value of less
than 0,001 (***p<0,001) was considered statistically significant.
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4. RESULTS

4.1. Effect of CLHA on the viability and evaluation of

inflammatory state of COA

To determine the concentration range of CLHA that does not exert any cytotoxic or pro-
inflammatory effect in COA, the cells were exposed to increasing concentrations of CLHA
(0.05, 0.1 and 0.3 mg/ml) for 24, 48 and 72h. As to cell viability, none of the above
concentrations caused any effect as compared to control COA (Fig.12). Similarly, CLHA did
not affect the level of IL-6 - taken as an index of eventual proinflammatory effects
promoted by the polymer per se - accumulated in the supernatants of COA under none of
the conditions tested (Fig.13). Hence, considering that the three concentrations of CLHA
did not affect any of these two parameters as compared to controls, we decided to use the

highest concentration (0.3 mg/ml of CLHA) for the next experiments.
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Fig.12. Effect of increasing concentrations of CLHA on COA viability, as determined with
the MTT assay. Values express the percent ratio between blue formazan absorbance in
treated vs CTRL and represent the means + S.E.M. from at least five separate
determinations.
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Fig.13. Evaluation of IL-6 levels as assayed with ELISA on COA cells treated with 0.05, 0.1
and 0.3 mg/ml CLHA for 24, 48 and 72h. Values represent the means + S.E.M. from at least
five separate determinations.

4.2. Analysis of EVs0O and EVs+ from THP-1 cell line

EVs0 and EVs+ isolated from unstimulated or stimulated THP-1 cells. IL-13 was used to
stimulate THP-1 since it is a renown proinflammatory cytokine, it is involved in OA
aetiology and, more importantly, it has been reported to elicit the formation of pro-
inflammatory EVs in a number of cell types 14.

The gNANO analyses of EVsO and EVs+ showed no difference in terms of particle
concentration between the two groups (see box in Fig.14.). Interestingly, size distribution
analysis showed that EVs0 piled up around a single peak of 200nm while EVs+ gave rise

to two distinct populations of 150 and 250nm.
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Fig.14. Analysis of EVs by TRPS With qNano (IZON). Red and blue columns refer to EVs0
and EVs+, respectively. Particle concentrations are shown in the leftmost box.

About the phenotypic study was observed that isolated Evs0 and Evs+ were positive for
CD9 and CD81 (Tab.5), which are specific transmembrane proteins of small EVs. EVs0 and
EVs+ resulted positive for PDCD6IP and TSG101, which are specific cytosolic proteins of
small EVs, and negative for CNX, which is a specific negative control as it is present in the

membrane of the endoplasmic reticulum and is related to secretion pathway.

Surface markerof  Cytosolic markers of  Negative
exosomes exosomes marker

CD9 CD81 TSG101 PDCD6IP CNX

EVsO 2,95 pg/ml 4 pg/ml 1,76 pg/ml 0,103 pg/ml -0,18 pg/ml

EVs+ 2,35pug/ml  5pg/ml 2,36 pg/ml 0,103 pg/ml -0,18 pg/ml

Tab.5. Detection of exosomal markers in EVsO or EVs+. The presence of CD9, CD81,
TSG101, PDCD6IP and CNX has been detected with ELISA.
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4.3. EVs0 and EVs+ internalization in COA cells

The cellular uptake study of EVs0 and EVs+ showed that both particle types were capable
of crossing COA plasma membrane and being efficiently internalized within their
cytoplasm (Fig.15), i.e. a condition suggestive of the capacity of EVs0 and EVs+ to interact

with this primary cell type.

Fig.15. Evaluation of the internalization of EVs from THP-1 cell line in primary COA. Bar
= 20um. It can be seen that the EVs effectively penetrate the membrane of COA and this
confirms the possible mechanism of action of the EVs inside the treated cells.

4.4, Effect of CLHA on the levels of [L-6 in COA exposed to EVs0

or EVs+

The levels of IL-6 - taken as a marker of cellular inflammatory activation - secreted by COA
cells in extracellular medium were determined under the treatment conditions shown in
Fig.16. 48 h exposure to EVs alone or combined with CLHA 0.03 mg/ml did not cause any
increase in IL-6 levels; on the contrary, exposure for the same time interval to EVs+
promoted a significant increase of IL-6 secretion in COA cells; interestingly 0.3 mg/ml
CLHA abolished this response (Fig.16A). After 7 days of incubation, the stimulatory effect
of EVs+ was far lower as compared to 48h time period, although still significant as
compared to either control or EVs+/CLHA treated COA cells. The remaining exposure
conditions illustrated in Fig.16 A and B, namely Evs0, CLHA and their combinations, were

characterised by a slight, but not significant trend toward increased IL-6 levels.
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Fig.16. Evaluation of the levels of IL-6 in: CTRL, CLHA 0.3mg/ml, EVsO and Evs0/CLHA;
EVs+and EVs+/CLHA treated for 48h (A) or 7 days (B). The amount of [L-6 was measured
in the supernatants with an ELISA kit. Values represent the means + S.E.M. from at least
five separate determinations. At two times analysed IL-6 levels of EVs+ are very
significantly as compared to the other conditions (***p<0,001).

4.5. Anti-degradative effect of CLHA on COA stimulated with
EVs0O and EVs+

The matrix-degradative enzymes matrix metalloproteinases (MMPs) -1, -3 and-13, along
with disintegrin and metalloproteinase with thrombospondin-1 domains (ADAMTS) -4
and -5 are involved at the etiologic level in the OA-associated destruction of the matrix
proteins type II collagen, glycosaminoglycans, and proteoglycans 2526146 The effect of
EVs0O and EVs+ w/wo CLHA on the levels of one of these matrix degradative enzymes,
namely MMP-13, in COA cells is shown in Fig.17.

After 48 h incubation a slight, although no significant increase of MMP-13 levels vs control
was observed in both CLHA- and EVs- treated cells; more interestingly, 48h incubation
with EVs+ resulted in a significant, nearly double increase of MMP-13, an effect which was

completely abolished when cells were co-incubated with CLHA.

52



% %k * %k

£ 800-
)
=
2 . L
o
g 400 T
0 1 1 1
> ] \s x \s
l & © ) G oS
(:‘ @'& ‘5& oY Q;& o
o S 3
N &
R\g d‘ <
(o

Fig.17. Evaluation of the levels of MMP-13 in: CTRL, CLHA 0.3mg/ml; EVsO and
EVs0/CLHA; EVs+ and EVs+/CLHA treated for 48h. The amount of MMP-13 was measured
in the supernatants with an ELISA kit. Values represent the means + S.E.M. from at least
five separate determinations. MMP-13 levels of EVs+ are very significantly as compared
to the other conditions (***p<0,001).

4.6. Effect of CLHA on the HNE-adducts formation in COA
treated with EVs0 and EVs+

HNE-adducts are the main product of lipid peroxidation and represent an established
marker of cellular oxidative stress. We measured the level of HNE accumulation under the
treatment conditions with EVs. EVs+, CLHA or their combinations utilized throughout this
study. The results shown in Fig.18 indicate that all the tested conditions caused an
increase of HNE formation. In particular EVs0 and EVs+ were the most active in promoting
HNE formation while CLHA was less active. Surprisingly, the combinations of EVs0/CLHA
and EVs+/CLHA unlike causing a reasonably expected additive effect, resulted
in diminished levels of HNE as compared to EVs0, EVs+ or CLHA alone, the diminution

was much more effective in the case of EVs+/CLHA.
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Fig.18. Evaluation of the levels of HNE-adducts in: CTRL, CLHA 0.3mg/ml; EVs0 and
EVs0/CLHA; EVs+ and EVs+/CLHA treated for 48h. The quantity of HNE-adduct was
detected in COA cell bodies with ELISA kit. Values represent the means + S.E.M. from
at least five separate determinations. HNE-adducts levels detected in EVs0O as
compared to EVsO/CLHA and in EVs+ as compared to the EVs+/CLHA are
very significantly (***p<0,001).

4.7. Effect of CLHA on Collagen II formation in COA cells
treated with EVs0 and EVs+

Collagen II (COL-II) - a product and a direct marker of chondrogenesis efficiency - has
been measured in COA cells subjected to the exposure conditions utilized herein. After the
incubation the levels of COL-II were measured in the supernatants of the COA (Fig.19).
Results obtained after 48h treatment indicate that CLHA alone significantly increased
COL-II production, and that both EVs0 and EVs+ alone promote a similar effect. When
added to EVsO or EVS+ - exposed COA cells, CLHA failed to further increase COL-II
production.

When cultures were analyzed after 7 days, incubation with CLHA, with EVs0 or EVs+ alone
did not affect the basal levels of COL-II as compared to sham-treated COA cells while,
surprisingly, the combinations of EVsO/CLHA or EVs+/CLHA caused a robust and

significant increase.
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Fig.19. Evaluation of the levels COL-II in: CTRL, CLHA 0.3mg/ml, EVs0 and EVs0/CLHA;
EVs+ and EVs+/CLHA treated for 48h (A) or 7 days (B). COL-II levels were detected in
COA supernatants with ELISA kit. Values represent the means + S.E.M. from at least five
separate determinations. A) The levels of COL-II detected are significant in every
condition in respectto the CTRL (*p<0,1). B) The quantity of COL-II detected
in EVsO/CLHA vs EVsO is very significantly (***p<0,001). The levels of COL-II
in EVs+/CLHA is significantly in respect to EVs+ (**p<0,01).

4.8. Immuno-Detection of collagen II

To confirm the results obtained by the ELISA for the detection of COL-II production from
COA, we set up an immunohistochemistry experiment. As can be seen from Fig. 10 in COA
cells stimulated with CLHA at a concentration of 0.3 mg/ml for 7 days there is a greater
production of COL-II, even in cells stimulated with EVs0 and EVs+. Through microscope
observation it seems that CLHA stimulated COA to produce COL-II, highlighted by the
brown stain. Through this observation we confirmed our data about the production of
COL-IT which demonstrates the CLHA chondroprotective effect. So we confirm our
hypothesis regarding this formulation of HA: in COA cells treated with CLHA the

production of COL-II increases considerably.
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Fig.20. Immunohistochemistry assay on COA cells treated with EVs0 and EVs+ and CLHA
0.3 mg/ml. Bar = 20 ym. The conditions on COA were: CTRL (A), CLHA 0.3mg/ml (B), EVsO
(C), EVs0/CLHA (D), EVs+ (E), EVs+/CLHA (F). The cells were treated for 7 days to elicit
the production of COL-II. Figures B, D and F show that there is a higher production of COL-
[l than in COA cells not receiving CLHA.
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5. DISCUSSION

Osteoarthritis (OA) is a debilitating disease that causes significant morbidity in EU and
western countries population. While degeneration of articular cartilage is a hallmark
feature, OA is now considered as a complex synovial inflammatory condition with the
potential to progressively affect the whole joint 147. The knee is the most prone to OA
among joints: knee arthritis or GA is a growing and leading cause of disabling joint disease,
especially in the elderly from developed countries. It is estimated that arthropathies will
be the fourth leading cause of disability in 2020, and the public health socio-economic
burden associated to GA in western countries is potentially dramatic. As discussed above
in more detail, GA pathogenesis involves a series of destructive inflammatory processes
and a complex interplay of factors accompanying the destruction of the joint's integrity 1.
The treatment of GA depends on its severity and involves multiple interventions,
pharmacological, non-pharmacological and surgical 0. HA viscosupplementation is
increasingly being recognized as an effective, non-invasive alternative and/or adjunct to
conventional NSAIDS and analgesics 33. The pharmacology of HA goes beyond the mere
viscosupplementation effect: indeed, HA exerts wide cellular and biochemical anti-
inflammatory and antinociceptive effects and new ones are still being identified 72.

As a secretory tissue, the GA synovium as well as other resident or infiltrating cells are a
rich source not only of soluble inflammatory mediators but also EVs. EVs, including
exosomes and microvesicles, are increasingly recognized as important players in cell-to-
cell communication by carrying and delivering various proteins, miRNAs and mRNAs 36.
Recently, the secretion of specific EVs and their accumulation in synovial fluid (SF) have
been identified as pathologically relevant factors in GA. EV-derived proteins and miRNAs
impact cell viability, differentiation and joint inflammatory state; and have been proposed
to play a prominent role in the pathophysiology of GA 148, As stated above, GA is an
inflammatory process of multifactorial aetiology involving the rise of inflammatory
cytokines, of degradative enzymes (MMPs) and of free radicals within the SF which,
among others, represent important factors promoting the progressive degeneration of the
ECM 21-23,2526,146,149

The present research work was undertaken to investigate whether CLHA is capable to

modulate some pathologically relevant responses in target cells elicited by EVs secreted
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by human THP-1 cells stimulated with IL-1. This cytokine has been selected since it is
reportedly involved in OA and GA, including studies from our group 105. The target cells
used throughout this study are highly representative of GA, as we used primary cultures
of chondrocytes (COA) intra-operatively obtained from patients subjected to knee
arthroplasty.

The first set of experiments was aimed at collecting, purifying and characterizing the EVs
from IL-1pB stimulated (EVs+) or mock-stimulated (EVs0) THP-1 cells. THP-1 are known
to release EVs with biologically distinct biological features, depending on their state,
namely inactive or pro-inflammatory50. We obtained high amounts of EVs0 and EVs+,
and both were found to possess the biochemical hallmarks characteristic of franck
extracellular vesicles. Size-distribution analysis of EVs0 and EVs+ showed some relevant
difference: indeed, while EVs0 size felt homogeneous, single peak, two separate fractions
characterized the distribution of EVs+. Although this difference is not sufficient to
conclude that the two groups are different in nature, it is plausible that it may also reflect
some distinct feature from the biochemical and functional point of view since THP-1 has
been shown to secrete distinct EVs, if cells are stimulated with IL-13 145. A more thorough
molecular characterization would have been needed to fully explore the actual and
specific differences, but such a characterization would have gone beyond the scope of this
research work. Rather, we were interested in verifying whether the two types of EVs
would have been capable of eliciting different responses in target primary osteoarthritic
chondrocytes.

To this end, we focused our attention on a panel of biochemical responses elicited by
EVs0/EVs+ on COA that are known to take place in vivo in the course of OA and that are
indicative of the intensity of the ongoing pathological condition, namely the level of IL-6
secreted by COA, the level of MMP-13, the extent of HNE formation, the amount of released
Collagen-II. Interestingly, we found that continuous 48h exposure (or 7 days in selected
experiments) to EVsO or EVs+ caused differential responses in COA cells. The most
significant modulation observed was the robust rise of IL-6 secreted by COA cells upon
EVs+ stimulation, an effect which EVs0 were barely capable of promoting. This finding is
of central importance for the purpose of this work, as it indirectly demonstrates that EVs+
- as a likely consequence of the proinflammatory phenotype of stimulated THP-1 from

whom have been obtained - are capable to elicit a robust pro-inflammatory response in
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target COA. This effect, which couldn’t be observed to the same extent in EVs-treated COA,
is in keeping with data from literature 145

Hence EVs+ act as a pro-inflammatory stimulus in COA, in a fashion which can be
considered as representative - although in a reductive way - of part of the pathological
events taking place in vivo. The proinflammatory effect lasted for up to 7 days exposure
to EVs+, although to a far lower extent. The progressive reduction of EVs+ effect over time
is not the result of (solely) the EVs+ degradation, since they have been replaced with new
ones by medium change after 3 days. Rather the effect may depend on the progressive
desensitization of the target cells to EVs+ stimulation, a phenomenon that might involve,
for example, downregulation of specific receptors activated/engaged by EVs+ cargo.

We also found that EVs+, as compared to EVs0, increased the level of MMP-13 in COA cells:
this matrix metalloproteinase is expressed by chondrocytes and synovial cells in human
OA, and plays a critical role in cartilage destruction 144151, Experiments with MMP-13
knockout mice demonstrated the important role of this enzyme in cartilage formation,
and further studies under disease conditions revealed the pivotal function of this enzyme
in OA pathology. To this end researchers are actively searching for novel selective MMP-
13 inhibitors with the hope of developing new drugs for the treatment of OA 152,

We also investigated whether the EVs+ increased level of MMP-13 would have any effect
on COL-II formation: at 48 we found no significant difference between EVs0O or EVs+
samples. However, and contrary to expectations, we found that both EVsO and Evs+
promoted a similar, slight increase of COL-II levels as compared to control cells. The same
determination repeated after 7 days - a time point where COL-II is expected to accumulate
- indicated the presence of higher amounts of COL-II, and that no more difference could
be observed between EVs0, EVs+ and control samples. Inmunohistochemistry analysis of
COA cultures confirmed the lack of difference between these three experimental
conditions. This effect, which in the presence of diverse levels of MMP-13 may seem
paradoxical, might depend on the fact that extracellular vesicles do not deliver univocal
signals/signalling molecules, but a complex of them whose effects over time cannot be
easily predicted.

Finally, we investigated the effect of EVs on HNE formation. HNE-adducts are stable

derivatives formed and accumulating within cells and body fluids as a result of oxidative
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stress. Hence HNE-adducts are considered as hallmark biomarkers of reactive species
activity and are directly linked to disease pathology.

Under our conditions we found that incubation with both EVsO or EVs+ resulted in a
significant accumulation of HNE adducts as compared to mock-treated samples: again,
this result is seemingly counterintuitive as for the case of COL-II. As to HNE, the lack of
differences between the responses to EVs0 or EVs+ may not only depend on the net level
of oxidative stress but more probably on many factors, i.e. the detoxification capacity of
the target COA cells, which may convey the EVs0/EVs+ cargos.

On the whole, our data indicate that EVs+ trigger biochemical responses in COA cells
which can be conceivably regarded as the expression of pro-inflammatory events which
take place in the progression of GA. In other words, our data confirm that EVs derived
from inflamed tissues- i.e., EVs+ from IL-1-primed THP-1 cells - disseminate
proinflammatory signals in the neighbouring milieu.

The second part of our experimental path was focused on the comparative study of the
possible effects of CLHA, a high MW cross-linked and linear intercalated HA formulation,
on the responses evoked by EVs0 or EVs+ on COA.

Among the other factors discussed above, the imbalance of HA synthesis/degradation
within the synovial environment is considered as one of the major players in OA/GA
aetiology. Indeed, in GA endogenous HA is synthesized in smaller quantities and its mean
MW is lower than in the SF of healthy subjects due to the increased activity of
hyaluronidases 1°3. Under these conditions the SF loses its viscoelastic/lubricating and
protective capacity within the joint: such alterations profoundly affect joint and cartilage
homeostasis and contribute to their deterioration. Replacing the altered SF, i.e.
viscosupplementation, contained in the joint with intra-articularly injected HMWHA is
one of the most established therapeutic approaches to retard GA and maintain knee
function providing a non-operative strategy for GA management 1%, Currently, the best
evidence suggests HA is an effective intervention in efficiently treating GA without
increased risk of adverse events 154,

The clinical efficacy in GA (combined with a linear medium MW HA shot) and the
underlying mechanisms of action of the CLHA formulation utilized throughout this study

have been previously described in an original research work from our group. Actually,
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another real-life clinical study is being carried out in GA patients treated with a single shot
of CLHA.

As discussed above and in the introductory section, HA is not a mere “mechanical”
component, but has been found to exert a wide number of biological interactions with
many relevant targets within the joints such as cytokines production, binding to CD44
receptors and to nociceptors. According to the main goal of this study we sought to
investigate whether CLHA might interfere/interact with EVs signalling activity. Among
the many types of HA, our choice felt on CLHA, because in addition to the above specific
biological interactions, it is the most likely form of HA which might exert - by virtue of its
three-dimension structure - aspecific interactions with microparticle-sized entities such
as EVs. These interactions may consist in the formation of labile electrostatic bonds
between CLHA and EVs, in such a way that the free movement of the latters within the SF
are limited by the polymer constraints. Such a “limiting effect” has been observed in the
case of inflammatory cells, i.e. macrophages, mobility within the joint space thus blunting
their capacity to reach the inflammation-targeted tissues. Considering that EVs are
supramolecular-sized particles and that their external surface is qualitatively identical to
cells plasma membrane, a similar interaction could also take place.

The results we obtained in the present study suggest that some of the EVs-associated,
deleterious effects discussed above are sensitive to CLHA, used at the non-toxic
concentration of 0.3 mg/ml.

Interestingly CLHA had no effect on the basal levels of IL-6 found in COA cells, but it
significantly inhibited the increase in IL-6 levels promoted by EVs+; qualitatively similar
responses were obtained with regard to the levels of MMP-13, whose EVs+ induced
increase was fully abolished by the co-exposure to CLHA. CLHA alone did not affect per se
MMP-13 levels.

As to the accumulation of COL-II secreted by COA, we found that CLHA alone, EVs0 or EVs+
and their combinations slightly but significantly stimulated its production at 48 h CLHA
and EVs0 or EVs+ did not give rise to additive interactions between them. Differently, the
same determination at 7 days - a longer period more representative of the progressive
COL-IT accumulation - we found no more effect as compared to controls when EVs0, EVs+
or CLHA were given alone, but a robust increase when EVs0 or EVs+ were associated to

CLHA. This effect, although pharmacologically valuable since it might be indicative of a
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pro-regenerative activity, is not easily explainable. A merely speculative hypothesis could
be that EVs0 or EVs+ and CLHA at 48h stimulate COL-II synthesis through the binding to
the same receptors that, in the case of the prolonged 7 days incubation, undergo a
progressive desensitization due to the persistence of the stimuli. On the contrary it would
seem that when associated, CLHA and EVs0 or EVs+ are somehow impeded to freely and
fully bind the target receptors, thus avoiding the desensitization with no alteration in
receptor-stimulated COL-II synthesis. Apart from the plausibility of such a scenario, the
increased COL-II synthesis promoted by the association CLHA-extracellular vesicles at 7
days- independently of their nature - indicates the unequivocal interaction between CLHA
and extracellular vesicles.

Another piece of this puzzling scenario is represented by HNE-adducts determinations,
whose results are again of difficult interpretation. Quite surprisingly all the agents tested
alone, i.e. CLHA, EVs0 and EVs+, did promote some oxidative stressing conditions, as
indicated by the slight but significant increase of HNE-adducts formation. Contrary to the
expectations the combination of CLHA with the two types of EVsO or EVs+, instead of
resulting in an additive effect, caused a dramatic drop of HNE levels. Independently of the
mechanisms underlying the increased oxidative stress caused by the three agents, the lack
of an expected additive effect might be again indicative of interactions taking place in the
extracellular environment. Indeed, the reduced HNE accumulation might result from the
reciprocal entrapment of CLHA and EVsO or EVs+ before they reach COA cells and
promote prooxidant responses.

On the whole the data presented herein indicate that EVs derived from IL-1f3 stimulated
human monocytic cells (THP-1) promote the onset of relevant pro-inflammatory events
in COA. This finding is in keeping with data from literature indicating that EVs released
within the joint contribute to the progression of GA conditions. The effect depends on the
type of cargo delivered by EVs secreted by activated inflammatory cells, as compared to
that delivered by EVs secreted in non-inflammatory cells that rather contribute to joint
homeostasis. In particular we found a robust stimulation of MMP-13 and IL-6, two
proteins highly involved in GA. The presence of CLHA prevented these two responses and
positively modifies other events playing a role in GA.

The mechanisms responsible for these results are still to be studied and identified. Based

on the scenario arising from this study, a simple interpretation of part of our results

62



would point to the hindrance that a complex, high molecular weight, 3D polymer may
likely exert on the capacity of EVs to freely move and diffuse within the biological milieu.
Such an effect would obviously hamper the frequency of EVs-target cells interactions and,
in the case of the delivery of deleterious signals, reduce their pathologically relevant
impact. As a matter of fact, HMWHA is known to prevent the diffusion of pro-
inflammatory, cells (i.e. activated macrophages) within the joint, thus exerting a “traffic
control strategy” of dangerous carriers 153,

In parallel some of our results might rather be suggestive of EVs and CLHA interactions
with receptor systems exhibiting adaptive responses to persisting stimuli.

The more plausible hypothesis that should deserve consideration in future studies is that

more than one mechanism dictate the interactions between CLHA and EVs.

Study limitations

The main limits of the present study are represented by:

the lack of a mechanistic approach to the effects that have been identified that did not
allowed us to depict a well detailed scenario;

the availability of human primary chondrocytes which limits the possibility to set up wide
panels of experiments.

For the sake of completeness, however, it is important considering that this three-years
research program took place between 2020- and 2022, i.e. the pandemic period when the
lock-down strategy retarded the experimental work because of - for example - the limited
accessibility to clinical structures providing the ex vivo, surgical specimens for the
propagation of primary cultures or the synovial fluids from arthrocentesis for the
isolation of ex vivo EVs. The persistence of the pandemic state forced us to modify the

original time schedule of the project and, in part, its objectives.
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6. CONCLUSIVE REMARKS

Although we did not study the molecular nature of these effects, to the best of our
knowledge this is the first repost indicating that CLHA is likely to affect the cellular
responses to the signals delivered by EVs. On the basis of this finding, it can be inferred
that these interactions might take place in vivo affecting target cells conditions and that
the beneficial effects of supplemental, infiltrative- CLHA may also depend on this
additional mechanism of action.

A more in-depth characterization and comprehension of CLHA-EVs reciprocal
interactions under disease conditions may pave the way to the exploitation of targeting
EVs with HA, along with the identification of the fundamental structure-activity

relationships responsible for EVs-HA interplay.
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DEFINITION OF ABBREVIATIONS

ADAMTS-5: Disintegrin and metallopeptidase with thrombospondin motif 5 Typel

BDEE: 1,4-Butanediol Diglycidyl Ether

CD44: Hyaluronic Acid Receptor
CD9/CD63/CD81: Tetraspanins

CLHA: Cross-Linked and Linear intercalated Hyaluronic Acid
CNX: Calnexin

COA: Primary Osteoarthritic Chondrocytes
COL-II: Collagen typell

COX2: Ciclooxigenase 2

CTXII: C-terminal telopeptide

DNA: DeoxyriboNucleic Acid

ECM: Extracellular matrix

EVs: Extracellular Vesicles

EVs+: Extracellular vesicles from THP-1 treated with IL-1f3
EVsO: Extracellular vesicles from THP-1

FLS: Fibroblasts Like Synoviocytes

GA: Gonarthrosis

GAGs: Glycosaminoglycans

H3: Histone 3

HA: Hyaluronic Acid

HAS: Hyaluronic Acid Synthase

HDAC3 /HDACS6: Histone Deacetylases

HMWHA: High Molecular Weight Hyaluronic Acid
HNE: 4-Hydroxynonenal

HYALSs: Hyaluronidases

IL-1: Interleukin-1

IL-1: Interleukin-13

LMWHA: Low Molecular Weight Hyaluronic Acid
miRNA: micro RibonNucleic Acid

MMP-13: Metalloproteinase-13

MMPs: Metalloproteinases

mRNA: messenger RibonNucleic Acid

MW: Molecular Weight

NO: Nitric Oxide

NOS2: Nitric Oxide Synthase

NSAID: Non Steroidal Anti-Inflammatory Drugs
OA: Osteoarthritis

PCGEM1: Prostate Specific Transcript Gene
PGE-2: Prostaglandin E2

RHAMM: Receptor for Hyaluronate-Mediated Motility
SF: Synovial Fluid

SYSADOA: Symptomatic Slow Acting Drugs for Osteoarthritis
THP-1: Human monocytic cell line

TLRs: Toll-Like Receptors
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TNFa: Tumor necrosis factor o

UDP: Uridine Diphosphate

UDP-G: Uridine Diphosphate Glucose

UDP-GIcNAC: Uridine Diphosphate N-Acetylglucosamine
UDP-GIcUA: Uridine Diphosphate Glucuronic Acid
UGDH: Uridine Diphosphate Glucose Dehydrogenase
UGPP: Uridine Diphosphate Glucose PyroPhoshorylase
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