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Abstract 
 
 
 
Bone marrow is an extremely complex tissue, whose function is to accommodate the 
hematopoietic and the bone stem/progenitor cells. In particular, the bone marrow stromal 
microenvironment consists of several different types of cells, including bone lining 
osteoblasts, endothelial cells, reticular adventitial cells, neuronal cells and mesenchymal 
stem cells. Here, this large number of different populations coexist and exchange several 
signals in order to preserve bone marrow homeostasis. Accordingly, it is necessary to 
highlight that changes in the bone marrow steady-state may lead to localized and/or 
systemic diseases. 

The characteristics and the properties in the bone and bone marrow environment have been 
well elucidate for a number of factors, while less is known about other molecules, although 
they play critical functions within these tissues. Among them, the p62 multidomain protein 
has been associated with the osteoclastogenic processes, but not well-defined information 
is, so far, present in the literature regarding its function in the fine-tuned processes 
underling the bone and bone marrow metabolic features.   

Recently, we demonstrated that p62 regulates osteoblasts differentiation and that p62 
deficiency inhibits the bone turnover rate. 

Consistently, our studies aimed at analyzing the bone marrow features of p62 KO mice. 
We showed that a significant adipocyte infiltration, particularly evident during the aging. 
This observation, together with the finding of a decreased osteolineage cell pools, impaired 
CXCL12/CXCR4 signaling and hemosiderin accumulation, demonstrated that p62 
deficiency is able to disrupt bone marrow niche homeostasis overall in aged mice. 
The other molecule here studied is the soluble cytokine IFN-γ. By means of administration 
of a plasmid coding for IFN-γ (pINF-γ) both in ovariectomized (osteopenic) and in the 
sham-operated mice, we demonstrated that pINF-γ injections induced pathologic bone and 
bone marrow alterations, characterized by cortical and trabecular bone loss, increased pro-
inflammatory cytokine release and impaired mesenchymal stem cells (MSCs) 
osteoblastogenic differentiation. In addition, the reduction of CXCL12+ cell number and 
the observation of hypercellular areas in the bone marrow of sham-operated and 
ovariectomized mice administered with pINF-γ, further suggest that IFN-γ is an important 
mediator of bone catabolism.  

During my PhD course we also investigated the therapeutic effects of a new hyaluronic 
acid-based hydrogel in a mouse model of knee osteoarthritis. Our results demonstrated that 
hydrogel administration allowed for the controlled and sustained release of hyaluronic 
acid, prolonging so the exposure of osteoarthritic knees to this biopolymer and promoting 
cartilage and subchondral bone regeneration. We also proved that hyaluronic acid-bearing 
hydrogels were able to counteract osteoarthritis by decreasing on the one hand the 
expression of pro-inflammatory mediators, while on the other hand by inducing MSCs 
differentiation and maturation into chondroblasts.  
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Chapter 1 

The Bone Tissue 
 
 
 
Bone is a highly vascularized, mineralized connective tissue, characterized by its hardness 
and its ability to remodel itself. Indeed, despite its inert appearance, bone is a highly 
dynamic organ that is continuously resorbed by osteoclasts and formed by osteoblasts in 
order to respond to changes in mechanical environment and to different loading demands. 
Bone exerts several important functions in the body, such as locomotion, support of the 
body structure, protection of internal organs and inorganic ions reservoir, especially 
calcium and phosphate, which can be mobilized in case of necessity. However, the most 
important function of bone is to host and protect bone marrow tissue, in which 
hematopoiesis (the process by which blood cells are formed) occurs (Florencio-Silva et al. 
2015).  
Bone is a dense multi-phase tissue, made up of cells embedded in a highly organized 
matrix, composed of both organic and inorganic elements. From an histological point of 
view, bone tissue can be classified into cortical (compact) and trabecular (cancellous) 
bone. In cortical bone, collagen fibrils are organized in concentric lamellae, having 
different orientation with respect to the adjacent ones, creating in this way an extremely 
compact and dense structure. Bone surfaces consist of cortical bone and the thickness of 
this type of bone tissue increase in areas subjected to higher mechanical demands, such as 
the shafts of long bones. On the contrary, cancellous bone is found in the internal part of 
bones, such as within the long bone epiphyses and vertebrae. Trabecular bone tissue 
consists of overlapping and branched lamellae (trabeculae) that give rise to a 3D network 
surrounding interconnected spaces, in which bone marrow is enclosed. This particular 
trabeculae distribution confers lightness to bones. 
As an organ, bone is composed by three main elements: (a) bone matrix, providing 
mechanical strength and acting as the organism mineral reservoir, (b) bone cells, 
responsible for maintaining the structure of the matrix and, as a consequence, for storing or 
mobilizing calcium and phosphate ions in response to body needs, and (c) bone marrow 
(later described in details), that not only hosts and preserves stem cells, but also represents 
the main communication and interaction channel between bone and other organs and 
systems.  

 

Bone extracellular matrix 
Bone extracellular matrix (ECM) is a heterogeneous material, mainly consisting of a 
mineral phase (60-70% of dry weight) and, in lower amounts, of an organic phase and 
water (Figure I.1). Calcium and phosphate ions represent the main constituent of the 
inorganic phase. Here, even if calcium has been found in less amount in the form of 
calcium carbonate (~10%), these ions are generally found as a hydrated calcium phosphate 
in the form of hydroxyapatite crystals (~90%), represented by the chemical formula 
Ca10(PO4)6(OH)2, that confers the typical rigidity to the bone tissue. Beside calcium and 
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phosphate ions, significant amounts of bicarbonate, sodium, potassium, citrate, 
magnesium, carbonate, fluorite, zinc, barium, and strontium are also present in bone 
extracellular matrix. These elements are generally found as hydroxyapatite impurities and, 
as a consequence, contribute to the formation of a crystal that is insoluble enough for 
stability, but that at the same time is sufficiently reactive to be continuously resorbed and 
reformed as required by the organism.  
 

 
Figure I.1: Bone Extracellular Matrix Composition. Bone ECM is mainly composed of a mineral phase 

(consisting of calcium and phosphate ions and, in lower extent, of carbonate, potassium, magnesium sodium 
and others – lower-right panel), and in low amount of an organic phase (classified into structural- and non-

structural proteins) and water.  Abbreviation: ECM, extracellular matrix 

 
The composition of the organic phase of bone ECM has been determined following 
demineralization of the tissue and isolation of its component. Thank to these studies, the 
proteins have been characterized in two groups: structural proteins (up to 95% of total 
organic content) and non-structural proteins. For what concern structural proteins, type I 
collagen is the main component of the unmineralized matrix. It is a triple helical molecule 
consisting of two identical and one dissimilar amino-acid chains with repeating glycine–
X–Y residues. These residues are often hydroxylated and glycosylated, giving the ability to 
collagen to form specific crosslinks. Collagen performs key function for the bone matrix: 
this protein not only provides elasticity to the tissues and stabilizes the ECM, but also 
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function as a template for initial mineral deposition. Beside collagen type I, another 
structural protein of the organic matrix is fibronectin. This protein, one of the earliest 
produced by osteoblasts, directs the initial deposition of collagen fibrils and maintains the 
integrity of the collagenous matrix. For what concern the non-structural organic 
constituents, four proteins have been found to play important roles for the matrix, namely 
osteocalcin, bone sialoprotein, osteopontin and osteonectin. These proteins, produced by 
osteoblasts, are able to control their own concentration in the bone matrix through a 
feedback mechanism that regulated their expression by osteoblasts. These proteins are 
important effectors in the bone tissue and, notably, regulate bone mineralization as well as 
bone remodeling, as deeply described in the next chapter.  
In addition to structural and non-structural protein, the unmineralized phase of bone matrix 
is also constituted by a several growth factors, which play critical roles in regulating cell 
proliferation and differentiation, and in regulating bone formation and remodeling. Among 
the others, we can find fibroblast growth factors (FGF), insulin-like growth factors (IGF), 
platelet-derived growth factors (PDGF), transforming growth factor-β (TGF-β) and bone 
morphogenetic proteins (BMP). 
Finally, less than 3% of the total bone matrix is composed by lipids, which surround the 
cell body and regulate the flux of ions and signaling molecules inside and outside of the 
cell (Boskey 2013).  

 

Bone cells 

The major types of bone cells are osteoblasts, bone lining cells, osteocytes and osteoclasts, 
highly specialized cells with no proliferation potential, responsible for the production, 
maintenance, and resorption of bone.  

 
Osteoblasts: Osteoblasts are cuboidal cells located along the bone surface, having the 
function to produce the unmineralized extracellular matrix (osteoid matrix) and to regulate 
the mineralization process by means of secretion of calcium and phosphate ions. 
Osteoblasts derive from mesenchymal stem cells (MSC), whose commitment into 
osteoprogenitor cells requires the expression of specific genes. Among the others, the 
expression of Runx-2 and osterix (Osx) is a crucial event in the process. Indeed, these 
transcription factors are able to increase the expression of bone matrix protein genes, such 
us type I collagen, osteopontin (which mediate osteoblasts attachment with the 
extracellular matrix), bone sialoprotein and osteocalcin (involved in the regulation of 
mineral deposition and in the promotion of osteoblast differentiation and activation), 
promoting so differentiation of immature osteoblasts from mesenchymal cells.  

Osteoblastogenesis is a multi-step process consisting of proliferation, maturation, 
extracellular matrix synthesis and matrix mineralization. Once osteoblast progenitors 
express Runx2, the proliferation phase begin. Once a pool of osteoblast progenitors 
expressing Runx2 and ColIA1 has been established during osteoblast differentiation, there 
is a proliferation phase. In this step, osteoblast progenitors show alkaline phosphatase 
(ALP) activity and are considered preosteoblasts. Then, the transition of pre-osteoblasts to 
mature osteoblasts is characterized by an increase in the expression levels of Osx with the 
consequent the secretion of bone matrix proteins such as osteocalcin, osteonectin, bone 
sialoprotein, and collagen type I, to form the osteoid matrix. In the last step of the process, 
mineralization of the matrix occurs, with calcium and phosphate ions deposition in the 
form of hydroxyapatite crystals. In the end of the process, 50%–70% of mature osteoblasts 
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undergo apoptosis, while the remainder become bone lining cells or osteocytes.  

Importantly, osteoblasts are able to regulate the differentiation and the resorption activity 
of osteoclasts through the release of TNF-related cytokine receptor activator of nuclear 
factor kappa-B ligand (RANKL) (Neve et al. 2011, Florencio-Silva et al. 2015). 
 

Bone lining cells: Bone lining cells are quiescent flat-shaped osteoblasts that cover the 
endosteal bone surface, where no bone remodeling occurs. Bone lining cells functions are 
not completely understood. However, these cells proved to prevent bone resorption by 
blocking the interaction between osteoclasts and bone matrix, and also regulate osteoclast 
differentiation by production of osteoprotegerin (OPG) and RANKL. Moreover, lining 
cells regulate the influx and efflux of mineral ions and retain the ability to reacquire their 
secretory activity upon exposure to different physiological stimuli (hormones, mechanical 
forces, etc.) (Neve et al. 2011, Florencio-Silva et al. 2015). 
 

Osteocytes: are the most abundant and long-lived cells in bone, with a lifespan of up to 25 
years. These cells derive from osteoblasts through to a passive process in which they 
become progressively encased in the matrix that they have previously secreted in the so-
called lacunae. By means of dendritic processes (cytoplasmic extensions), osteocytes 
communicate and exchange signaling molecules with other neighboring osteocytes as well 
as with other cells, including osteoblasts, osteoclasts, endothelial cells and hematopoietic 
cells. Once mature osteocytes are totally entrapped in the mineralized matrix, the 
expression of osteoblast markers such as osteocalcin, bone sialoprotein, collagen type I and 
ALP are down-regulated, while the expression levels of dentine matrix protein 1 (DMP1) 
and sclerostin (osteocyte markers) progressively increase. 

Osteocytes play key functions in bone. Indeed these cells act as mechanosensors, able to 
detect microdamages due to increased mechanical pressures and loads. As a consequence, 
osteocytes release signals (including ATP, nitric oxide, calcium ions and prostaglandins) 
able to regulate osteoblast and osteoclast activities, acting so as orchestrators of bone 
remodeling process. In particular, osteocyte apoptosis is a strong chemotactic stimulus for 
bone resorption: indeed, apoptotic osteocytes at microdamage sites release apoptotic 
bodies expressing RANKL, recruiting so osteoclasts and stimulating bone remodeling 
(Bonewald 2011, Kogianni et al. 2008, Florencio-Silva et al. 2015). 

 
Osteoclasts: Osteoclasts are multinucleated cells originating from the differentiation 
process of monocyte/macrophage precursor of the hematopoietic stem cell lineage. Two 
key factors, namely macrophage-colony stimulating factor (M-CSF) and RANKL, promote 
the activation of transcription factors and induce the expression of genes necessary for the 
commitment of precursor cells into osteoclasts. M-CSF, secreted by osteoprogenitor, 
mesenchymal cells and osteoblasts, binds to its receptor expressed by osteoclast 
precursors, stimulating the proliferation of these cells and inhibiting their apoptosis. 
Conversely, RANKL, secreted mainly (but not only) by osteoblasts, osteocytes and stromal 
cells, is a crucial factor for osteoclast maturation: binding of RANKL to its cognate 
receptor RANK in osteoclast precursors triggers a signaling cascade finally leading to the 
expression of osteoclastogenic factor such as NFATc1. NFATc1 in turn activate the 
expression of tartrate-resistant acid phosphatase (TRAP) and cathepsin K (CATK), lytic 
enzymes crucial for osteoclast resorbing activity. Moreover, NFATc1 also induces the 
expression of DC-STAMP, allowing so the fusion of osteoclast precursor cells. However, 
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another important factor called osteoprotegerin (OPG), produced by several cell 
populations including osteoblasts, stromal cells, etc., has the ability to block bone 
resorption, regulating so bone density and bone mass. Indeed, by acting as a decoy receptor 
for RANKL, OPG prevents RANKL binding to its receptor RANK, inhibiting so 
osteoclastogenesis. In light of this, it is possible to say that the RANKL/RANK/OPG 
system is a key mediator of bone remodeling (Boyle et al. 2003, Florencio-Silva et al. 
2015). 
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Chapter 2 

The Bone Remodeling Process 
 
 
 
Bone is continuously destroyed and reformed through a process called bone remodeling, in 
order to preserve its stability and integrity. Bone remodeling is a process that persists 
throughout life and every year about 10% of bone material is renewed by means of this 
process. In the course of bone remodeling, osteoclasts and osteoblasts, the main player of 
bone resorption and deposition, must work in a strictly controlled, synergistic way in order 
to preserve bone homeostasis. Indeed, alterations in this delicate equilibrium have been 
observed in pathological situations, including osteopetrosis (in which bone formation is not 
coutrebalanced by bone resorption) or osteoporosis (bone resorption is not coupled with 
bone formation).  

The bone remodeling cycle takes place in called basic multicellular units (BMU), 
specialized, small cortical and trabecular bone areas, and is characterized by five different 
phases: activation, resorption, reversal, formation and quiescence (Figure I.2) (Hill 1998, 
Langdahl et al. 2016).  

 

 
Figure I.2: The Bone Remodeling Cycle. Bone remodeling consists of five phases: activation (during which 
preosteoclasts differentiate and maturate), resorption (consisting in the degradation of the old bone matrix), 
reversal (osteoclasts inhibition and osteoblasts proliferation and differentiation), formation (during which 

mature osteoblasts synthesize new bone matrix) and quiescence. Figure from: Murthy et al. (2009). 
Bone biology and the role of the RANK ligand pathway. Oncology (Williston Park), 23:9-15. 

 
In the activation phase, an initiating remodeling signals, such as detection of bone 
microfractures, trigger the release of M-CSF and RANKL by bone lining cells and 
osteocytes. These cytokines act as a chemoattractant for osteoclast precursors, which are 
recruited in the BMU to be activated. Indeed, upon binding of RANKL to its cognate 
receptor RANK on pre-osteoclast cell membrane, the expression of key factors NFATc1, 
TRAP and CATK triggers osteoclast activation and commitment. Importantly RANKL and 
M-CSF expression is up-regulated by the presence of the pro-inflammatory cytokines such 
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as interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α) or in presence of vitamin D, 
while transforming growth factor β (TGFβ) and estrogen have been found to decrease 
RANKL levels (Wada et al. 2006, Li et al. 2007). 

Due to their ability to sense microdamages, osteocytes play crucial roles in the activation 
phase of bone remodeling cycle. Indeed, these cells induce osteoclast differentiation and 
bone resorption by stimulating the expression of RANKL by osteoblasts. Moreover, 
osteocytes secrete high amounts of sclerostin, an antagonist for the canonical Wnt 
signalling pathway. Canonical Wnt/β-catenin pathway increases bone mass by means of a 
number of processes, including renewal of stem cells, stimulation of preosteoblast 
replication, induction of osteoblastogenesis, inhibition of osteoclasts and osteocytes 
apoptosis. The Wnt/β-catenin signaling is activated upon binding of Wnt to frizzled 
receptor and to low-density lipoprotein receptor–related protein 5 and 6 (LRP5/6) 
coreceptors, leading to the release of non-phosphorylated β-catenin into cytoplasm. Active 
β-catenin then translocates into the nucleus, where regulate the expression of crucial genes. 
By binding to LRP5/6, sclerostin is able to inhibit the canonical Wnt pathway, inhibiting 
so osteoblastogenesis and increasing osteoblast apoptosis (Bonewald 2007, Krishnan et al. 
2006, Glass & Karsenty 2007).   

Once progenitor cells are recruited in the BMU and are differentiated to fully active 
osteoclasts, the resorption stage begins and these cells erode bone matrix with a depth of 
40–60µm.  
During the resorption stage, osteoclasts polarize due to actin cytoskeleton rearrangements 
(Figure I.3) and four types of membrane domains are observed: the sealing zone and the 
ruffled border, the only that directly contact the matrix, and the basolateral and the 
functional secretory domains. The ruffled border consists of several microvilli and is an 
area of membrane isolated from the surrounded tissue by means of the sealing zone. The 
latter, also known as clear zone, is an area devoid of organelles located in the periphery of 
the osteoclast, formed by actin ring and other proteins, including αvβ3-integrin, that bind to 
non-structural proteins (such as bone sialoprotein, osteopontin and vitronectin), 
establishing so a seal that delimits the central region, where the ruffled border is located.    

 

 
Figure I.3: Osteoclast Polarization. During osteoclast activation, cytoskeleton reorganization leads to the 
formation of four membrane domains, namely the ruffled border, the sealing zone, the basolateral domains 

and the functional secretory domains. Figure adapted from: Itzstein et al. (2011). The regulation of 
osteoclast function and bone resorption by small GTPases. Small GTPases, 2:117-130 
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The maintenance of the ruffled border is essential for osteoclast activity. Indeed, here a 
vacuolar-type H+-ATPase (V-ATPase) acidify the resorption lacuna (also known as 
Howship’s lacuna), allowing so the dissolution of hydroxyapatite crystals. Moreover, 
enzymes such as TRAP, cathepsin K, and matrix metalloproteinase-9 (MMP-9) are 
released, leading to bone degradation (Figure I.4). The products of this degradation are 
then endocytosed by osteoclasts through the ruffled border and translocated to the 
functional secretory domain (Hadjidakis & Androulakis 2006, Florencio-Silva et al. 2015). 

 

 
Figure I.4: Overview of the enzymes released by resorbing osteoclasts. During the resorption phase, bone 
matrix is degraded through the acidification of the resorption lacuna by V-ATPase and thanks to the release 

of TRAP, cathepsin K and MMP-9 from active osteoclasts. Figure from: Gasser & Kneissel (2017). Bone 
Physiology and Biology, Chapter 2 in Bone Toxicology, Molecular and Integrative Toxicology, Springer 

International Publishing 
 
During bone resorption, osteogenic factors such as bone morphogenetic proteins (BMP) 
and insulin-like growth factors-II (IGF-II) are released from the eroded matrix. In 
particular, BMP trigger osteoblast differentiation by increasing the expression of the key 
transcription factors Runx2 and Osx. Moreover, osteocalcin expression has also been 
found to be dramatically increased by BMP-2, one of the most well-studied BMP family 
members. In light of these, it becomes clear how the release of these factors from the 
resorbed matrix triggers osteoblast commitment and differentiation. This event will start 
the reversal phase, in which the remodeling process is switched from bone resorption to 
bone formation. In this step, osteoclast apoptosis, along with osteoblast precursor 
differentiation occurs. Beside the previously mentioned factors, osteoblast are also 
activated by products secreted by osteoclasts, including sphingosine 1-phosphate (S1P), B 
polypeptide chain platelet-derived growth factor homodimer (PDGF-BB) and hepatocyte 
growth factor (HGF). In particular, S1P binds to S1P receptor on osteoblast surface and 
enhances osteoblast survival, while HGF and PDGF-BB supports pre-osteoblast 
proliferation (Matsuo & Irie 2008, Siddiqui & Partridge 2016).  

In the end bone remodeling process, the formation phase occurs: here, fully active 
osteoblasts deposit new bone material in the form of osteoid, mainly composed of collagen 
type I, osteocalcin and osteopontin, until the resorbed bone is entirely replaced by a new 
one. Calcium and phosphate ions incorporation in the osteoid matrix leads to the formation 
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of hydroxyapatite crystals and so to matrix mineralization (Hill 1998). Osteoblasts trapped 
in the newly synthesized bone matrix will develop into osteocytes, while the remaining 
cells will turn into quiescent, flattened bone lining cell until a new remodelling cycle is 
triggered. 
Apart from replacing old or damaged tissue, bone remodeling process is also performed in 
response to physiological needs of the body. Indeed, in addition to the local regulators 
previously described, several systemic factors regulate this process, including parathyroid 
hormone (PTH), calcitonin, 1,25(OH)2 vitamin D3 and estrogens, along with a number of 
growth factors (Figure I.5). 

 

 
Figure I.5: Overview of the systemic regulation of bone remodeling process. As shown in the picture, PTH, 

calcitonin, vitamin D3 and estrogens plays key role in the regulation of bone remodeling. Figure from: 
Siddiqui & Partridge (2016). Physiological Bone Remodeling: Systemic Regulation and Growth Factor 

Involvement. Physiology, 31:233-245 
 

Calcitonin, PTH and vitamin D3 are secreted to control and preserve blood calcium 
homeostasis. PTH, synthesized and secreted by parathyroid glands, has the ability to 
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stimulate both bone resorption and bone deposition, regulating in this way the remodeling 
process. For what concern its catabolic effects, PTH indirectly stimulates osteoclast 
differentiation and maturation by increasing RANKL synthesis and inhibiting OPG 
secretion in osteoblast cells. Conversely, this hormone has been found to support 
osteoblast proliferation and maturation by stimulation of IGF-1 synthesis and induction of 
Wnt pathway, triggering in this way new bone formation. The increased bone resorption 
induced by PTH is counteracted by calcitonin. This hormone, secreted by thyroid C cells, 
synergizes with BMP-2, enhancing so osteoblast differentiation. Moreover, calcitonin 
directly interacts with osteolineage cells, preventing osteoblast and osteocyte apoptosis. 

Vitamin D3 is an essential factor for normal development and maintenance of the bone 
tissue. If on the one hand this factor promotes osteoclast differentiation and activity, on the 
other hand vitamin D3 proved to enhance matrix mineralization and to induce the 
expression of osteocyte markers, suggesting that this factor promote osteoblast-osteocyte 
transition. 
Finally, estrogens are key hormone regulating bone metabolism in both women and men. 
These hormones stimulate new bone apposition not only by increasing osteoclast 
apoptosis, but also by inhibiting osteoclastogenesis process. Indeed, estrogens not only 
decrease the production of both M-CSF and RANKL, the key osteoclastogenic factors, but 
also inhibit the secretion of several bone-resorbing cytokines, including IL-1, IL-6, TNF-α 
and prostaglandins. Furthermore, estrogen has been shown to inhibit osteoblast apoptosis 
and to increase osteoblast lifespan, supporting in this way bone formation (Siddiqui & 
Partridge 2016). 
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Chapter 3 

The Bone Marrow 
 
 
 
The bone marrow is an extremely complex and highly vascularized type of flexible tissue 
contained in long bones cavities and in the intra-trabecular spaces of trabecular bone, such 
as in long bone epiphyses, vertebrae and hips. Bearing in mind that bone marrow is the 
principal site of hematopoiesis, the differentiation process by which billions of mature 
blood cells are daily produced from a limited number of hematopoietic stem cells (HSCs), 
the main function of this tissue is to provide a specialized environment in which 
hematopoietic stem cells are hosted and protected (Friedenstein et al. 1974, Weissman et 
al. 2001). 
As previously mentioned, bone marrow has an extensive blood supply. Apart from 
delivering oxygen, nutrients and growth factors to the tissue, this dense blood vessel 
system plays key role in regulating hematopoiesis process, allowing also the egression of 
mature blood elements formed by this process out of the bone marrow (Reismann et al. 
2017). In long bones, arteries and veins, located into feeding canals, cross the cortical bone 
and enter the bone marrow tissue. Here, the nutrient artery runs parallel to the marrow 
cavity in the central part and branches into radial arteries, running perpendicularly to the 
bone cortex. Here, specialized vascular structures, the so-called bone marrow sinuses, are 
formed, composed of endothelial cells through which mature blood cells enter the 
circulation. Sinuses come together into venules, finally forming the central vein. This latter 
one is found in close contact with and in the same orientation of the feeding artery, and 
these two vessels exit the marrow cavity together. As a consequence, blood flows in a 
radial direction from the center to the cortex and vice versa (Yamazaki & Eyden 1995).  

Bone marrow consists of different cell types, including the endosteal osteoblasts, lining the 
calcified bone matrix, endothelial cells, forming the arterial and the venal vasculature, 
reticular cells, smooth muscle cells, adipocytes, fibroblasts, macrophages, sympathetic 
nerves and mesenchymal stem cells (MSC). All together, these cells together form a 
structural network embedded in a viscous extracellular matrix, providing signals able to 
house and maintain hematopoietic stem cell and to regulate their differentiation process 
(Wilson et al. 2008).  
It is important to note that two different populations of stem cells are hosted in the bone 
marrow, namely the HSCs and the MSCs, each regulating each other behavior. 
 

Hematopoietic Stem Cells 
Stem cells are self-renewing cells able to differentiate into more mature cell types 
(according to their potency9, responsible for the growth, maintenance and repair of several 
tissues. As their name suggests, hematopoietic stem cells (HSCs) are multipotent stem 
cells able to replace terminally differentiated blood cells throughout life by means of a 
process known as hematopoiesis (Mazurier et al. 2003). This process must be tightly 
regulated in order to ensure, on the one hand, the maintenance of hematopoietic stem cell 
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homeostasis during physiological condition, and on the other hand the fast activation of 
hematopoiesis in response to stressful situation, such as acute blood loss, injury, and 
infection.  

According to their proliferation ability, two different HSC subpopulations have been 
described inside the bone marrow: one subpopulation, known as short-term HSCs (ST-
HSCs), divides on a more frequent basis and are easily mobilized into circulation, while 
the other population (long-term HSCs – LT-HSCs), representing the majority of these cells 
(~75%), has been found in an inactive, quiescent state. Even if found in quiescent state, an 
important state whose function is the prevention of HSC pool depletion, LT-HSCs proved 
to be able to activate themselves in response to injury signals, and to acquire again the 
quiescent state as soon as homeostasis is reestablished (reviewed in Agas et al. 2015). 

During hematopoiesis, the differentiation process of HSCs toward fully differentiated cells 
occurs through a number of multipotent progenitor cells lacking self-renewal capacity, that 
later develops into lineage-restricted progenitors, able to produce fully differentiated cells. 
Bearing in mind that stem cells number is extremely low and that these cells rarely 
proliferate, it has been supposed that the biggest part of the cell amplification steps needed 
for mature blood cell production is performed by multipotent and committed progenitor 
cells (Abkowitz et al. 2002). During hematopoiesis, HSCs in adult bone marrow give rise 
to multipotent progenitors. As previously mentioned, these cells retain the full multipotent 
differentiation potential as HSCs, but loose their self-renewal ability (Adolfsson et al. 
2001). Going further down the process, the differentiation potential of multipotent 
progenitor cells decrease, giving rise to two common precursors, namely the common 
myeloid precursor (CMP) and the common lymphoid precursor (CLP). As the name 
suggest, CLPs terminally differentiate in T cells, B cells and natural killer (NK) cells. 
Conversely, complete blood cell maturation from CMPs requires an additional 
differentiation step: indeed, common myeloid progenitor give rise to two different 
progenitor lineages, the megakaryocyte/erythrocyte progenitor (MEP) and 
granulocyte/macrophage progenitor (GMP), that in turn are able to differentiate into 
mature blood cells (Akashi et al. 2000, Allman et al. 2003).  

Similarly to other stem cells, HSCs self-renewal, quiescence, differentiation, apoptosis, 
and retention inside bone marrow are tightly controlled by complex interplay of intrinsic as 
well as microenvironmental stimuli  (Wagers et al. 2002). Regarding HSCs homing and 
retention in the bone marrow, one of the most important factor regulating the migration of 
these cells is the chemokine C-X-C motif chemokine ligand 12 (CXCL12, also known as 
stromal cell derived factor-1 – SDF-1), later described in details.  

While cell autonomous regulation mainly relies on transcription factors, transcriptional 
repressors, cell cycle regulators, (Pietras et al. 2011, Sauvageau et al. 2004), several 
extrinsic factors (such as growth factors, cytokines, etc.) secreted by the surrounding 
environment proved to play important role for HSCs homeostasis. Accordingly, 
macrophage-colony stimulating factor (M-CSF) demonstrated to drive the commitment of 
HSCs toward myeloid lineage (Mossadegh-Keller et al. 2013), while stem cell factor 
(SCF) and thrombopoietin (TPO) provide quiescence signals to HSCs (Ema et al. 2000, 
Qian et al. 2007, Yoshihara et al. 2007). In addition, it has been demonstrated that 
increased reactive oxygen species (ROS) levels inhibit the self-renewal capacity of HSCs 
(Ito et al. 2004).  

Inside the bone marrow, hematopoietic stem and progenitor cells interact with nearby cells, 
matrix components and supportive factors, defining a niche, critical for the homeostatic 
maintenance of the HSC population. Accordingly, the adhesive interactions have been 
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proved to influence HSCs self-renewal, proliferation and differentiation fate (Schofield 
1978), while several signals from the bone marrow microenvironment demonstrated to 
stimulate both HSCs homing and retention inside the bone marrow, as well as HSCs 
mobilization in circulation (van der Wath et al. 2009), as deeply described later. 
 

Mesenchymal stem cells 
Mesenchymal stem cell (MSC) is a self-renewing cell population showing multilineage 
potential. These cells reside in the bone marrow, to which MSCs supply functional cells, 
such as osteoblasts, chondroblasts, adipocytes and endothelial cells. Several studies 
demonstrated the ability of these stem cells to behave as bone marrow orchestrators, 
beeing responsible for the assembly and organization of bone marrow niches.  
Mesenchymal stem cells can be classified into at least two subpopulations, according to 
markers expressed by these cells. One of these population was first identified by Sacchetti 
and colleagues. In their study, these authors were able to isolate MSCs from the osteogenic 
and the non-osteogenic progenitors relying on the expression of the marker cluster of 
differentiation 146 (CD146), a cell adhesion molecule of the immunoglobulin superfamily. 
Mesenchymal cells expressing this marker proved to be able to differentiate in both 
osteoblasts (that will localize in the so-called endosteal niche) and sinusoidal adventitial 
reticular cells (forming the sinusoidal wall structure in the perivascular niche) (Sacchetti et 
al. 2007). 

Another important MSC subpopulation includes cells expressing Nestin, an intermediate 
filament protein also produced by endothelial cells. Nestin+ MSCs have been found to be 
mainly localized in perivascular area, in close contact with HSCs and adrenergic nerve 
fibers. Here, these cells expresses genes able to regulate hematopoietic progenitors, such as 
Cxcl12, angiopoietin-1, interleukin 7, vascular cell adhesion molecule-1 and osteopontin. 
In addition, Nestin+ cells express β3-adrenergic receptor, responding and mediating 
sympathetic system-induced mobilization of HSCs by means of CXCL12 signaling 
suppression (Agas et al. 2015). 

Apart from the roles in providing functional cells to bone tissue and in modulating HSCs 
response, several studies demonstrated that MSCs are able to respond to and modulate 
inflammatory signals. Indeed, it has been observed that inflammatory environments 
activate these cells, that in turn regulate the anti-inflammatory response by means of two 
negative feedback loops. Indeed, in response to inflammatory signals, it has been observed 
that MSCs promote macrophage switch from a pro-inflammatory phenotype toward an 
anti-inflammatory phenotype by means of PGE2 secretion. Moreover, inflammation-
induce MSCs activation stimulate the secretion of TSG-6 from these stem cells. Binding of 
this molecule to its receptor expresses on macrophage surfaces proved to down-regulate 
NF-κB signaling, blocking so the secretion of pro-inflammatory cytokines from activated 
macrophages (Prockop 2013) 
Several factors have been found to influence MSCs homeostasis and proliferative 
potential, including epidermal growth factor (EGF), platelet-derived growth factor (PDGF) 
and fibroblast growth factor-2 (FGF-2), the latter being one of the most potent stimulators 
of MSCs proliferation as well as a key regulator of MSCs osteogenic differentiation 
(Hurley et al. 2018). 
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The bone marrow niches and their cellular inhabitants 
As previously mentioned, the bone marrow niche is defined as a specific tissue 
area/microenvironment in which hematopoietic stem cells interact and exchange signals 
with surrounding cells and matrix components, with the purpose of preserving HSCs 
homeostasis. The niche concept is a complex and not yet fully understood topic, for which 
further studies are needed to fully clarify it. 

Inside bone marrow, it has been proposed that HSCs are localized in two distinct bone 
marrow niches, namely the endosteal and the vascular niche. The endosteal niche, found in 
close proximity of bone tissue surface, is lined by endosteal cells including osteocytes, 
osteoblasts, osteoclasts and macrophages, while the vascular niche mainly comprises blood 
vessels and their endothelial cells (Figure I.6) (Zhang et al. 2003).  
 

 
Figure I.6: Bone marrow niches organization. Endosteal and vascular niches interacts and regulate each 
other’s functions through the release of soluble signaling molecules as well as direct cell-cell interactions 

between their cellular inhabitants. Figure from: Agas et al. (2015). The unbearable lightness of bone marrow 
homeostasis, Cytokine Growth Factor Rev., 26:347-359 

 

However, even if two different niches anatomical compartments have been described, it is 
important to underline that these distinct areas are not independent, but exchange several 
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factors modulating each other’s functions. Indeed, HSCs have been described along bone 
surfaces in the endosteal niche, signaling for cell’s homing and regeneration. Nevertheless, 
the same cell type has also been found close to sinusoid wall, in the vascular niche (Agas 
et al. 2015). In an attempt to clarify this contraddition, Kiel et al. hypothesized that a small 
number of HSCs localize near the endosteal surface, while the majority of these cells can 
be found along the sinusoids. Moreover, due to the fact that bone marrow vasculature is 
also found near the endosteal bone surface, these authors also demonstrated that HSCs 
couldn’t localize in the endosteum without being also perivascular (Kiel et al. 2005, 2007). 
Further clarification on the bone marrow niche concept comes from the discovery that 
endosteal niche supports HSC quiescence, while the vascular niche promote 
stem/progenitor cell activation. 

Inside trabecular bone, HSCs generally localize in the endosteal niche (Nilsson et al. 
2001). Here, the continuous bone remodelling process triggers the release of cytokines and 
other molecules trapped in the bone matrix, along with the release of calcium ions, able to 
support HSC maintenance. Accordingly, it has been demonstrated that HSCs express 
calcium-sensing receptor (CaSR), a G-protein-coupled receptor expressed also by 
osteoblasts. In addition, HSCs demonstrated to preferentially localize in calcium-enriched 
regions, where bone undergoes the bone remodeling process (Adams & Scadden 2006). 
Increased calcium concentration proved to up-regulate the expression of angiopoietin-1 
(Ang-1, an important factor involved in angiogenesis) in osteoblasts, and binding of these 
ions to CaSR receptor stimulate the secretion of CXCL12, leading to HSCs homing and 
retention.  
It has long been demonstrated that macrophages play crucial roles in the control of bone 
homeostasis. In particular, OsteoMacs, one macrophage subpopulation residing along 
periosteal and endosteal surfaces, proved to release osteogenic signals during bone 
remodelling, such as transforming growth factor-β (TGF-β), bone morphogenetic protein 2 
(BMP-2) and 1,25-dihydroxyvitamin D3. Moreover, OsteoMacs stimulate HSCs 
maintenance in the endosteal niche. Indeed, OsteoMac ablation trigger a decrease in the 
pool number of neighboring osteoblasts, leading in turn to decreased Ang-1, SCF and 
CXCL synthesis from these cells and HSCs mobilization (Agas et al. 2015). 
Another cell population playing important function in the endosteal niche is osteoblast. 
These cells are able to expand the number of LT-HSCs and to support the hematopoietic 
stem/precursor cells through the production of wide array of cytokines. In particular, a 
subgroup of bone-lining osteoblasts, namely the spindle-shaped N-cadherin+CD45- 
osteoblastic (SNO) cells are able to maintain LT-HSCs in the G0, quiescent state by means 
of N-cadherin and β-catenin cell–cell interactions. This hypothesis has been further 
supported by the discovery endosteal HSCs express higher N-cadherin levels compared to 
the same cells localized in the vascular niche. As a consequence, it become reasonable to 
say that N-cadherin interaction guide the correct HSCs niche localization according to the 
different N-cadherin expression levels(reviewed in Agas et al. 2015) 
Apart from direct cell-cell contact, it is important to mention that bone-lining cells are also 
able to synthesize soluble mediators targeting HSCs and regulating their behavior. One of 
these molecules is TPO, whose Mpl receptor has been demonstrated to be expressed by 
LT-HSCs. Unpon binding of TPO to Mpl, a signaling cascade capable to regulate several 
transcription factors involved in HSC cycle progression is triggered, thus inducing LT-
HSCs quiescence and homing in the endosteal niche (Agas et al. 2015). 
Hematopoietic cell homeostasis is also governed by another important signaling pathway, 
namely the tunica endothelial cell kinase 2 receptor (Tie2)/angiopoietin-1 (Ang-1). As 
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previously mentioned, Ang-1 is a pro-angiogenic factor contributing to the remodelling of 
vessels in bone marrow. Binding of this growth factor, mainly produced by CD146+ MSCs 
(previously discussed) and by osteoblasts, to its cognate receptor expressed on endothelial 
and HSCs cell surfaces, increase the expression of N-cadherin and β1-integrin on 
hematopoietic cells. As a consequence of the enhanced adhesive interactions between these 
cells and the niche, HSC maintenance and survival is promoted. 
Inside the vascular niche, HSCs are distributed in close contact with reticular cells, 
expressing high levels of the critical chemokine CXCL12. This molecule, also expressed 
by perivascular stromal cells, endothelial cells and osteoblasts, binds to C-X-C chemokine 
receptor type 4 (CXCR4) receptor, regulating not only HSCs maintenance, but also 
maturation of B cells, dendritic cells and natural killers. One subpopulation of 
mesenchymal progenitors expressing high level of this chemokine, known as CXCL12-
abundant reticular (CAR) cells, proved to play important homeostatic roles in both 
endosteal as well as perivascular bone marrow areas. Indeed, these mesenchymal 
progenitors proved to (i) be able to differentiate into both osteoblasts and adipocytes, (ii) 
participate in the osteogenic process at endosteal surfaces, and (iii) organize the 
hematopoietic microenvironment. Indeed, CAR cells, by means of the secretion of 
cytokines like CXCL12 and stem cell factor, promote HSCs stemness and inhibit HSCs 
myeloid differentiation. Apart from CAR cells, SCF (an important factor sustaining 
hematopoiesis) is also produced by fibroblasts, osteoblasts, perivascular stromal cells, 
endothelial cells and Nestin+ MSCs. Several studies demonstrated that SCF secretion from 
all these cell type is induced by matrix metalloproteinase-9 (MMP-9) expression in both 
hematopoietic cells and MSCs. Accordingly, it has been demonstrated that MMP-9 
production is in turn enhanced by the secretion of critical soluble mediators such CXCL12 
and vascular endothelial growth factor (VEGF) (Agas et al. 2015).  

To summarize, bone marrow is extremely complex tissue composed by different cell 
population that interact and exchange signals with that aim to preserve bone marrow and 
bone marrow niche homeostasis. Bearing in mind that disruption of bone marrow 
equilibrium potentially leads to pathological situation, it becomes evident the there is a 
critical need of additional studies in order to fully clarify homeostatic features of this 
tissue. 
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Chapter 4 

Aim of the Study 
 
 
 
As before described bone and bone marrow are extremely complex tissues that requires a 
well-define interactions and interdependent signaling network in order to preserve their 
homeostasis. In particular, the bone marrow function is to accommodate the hematopoietic 
and the bone stem/progenitor cells that coexist and communicate by exchanging several 
soluble signals or by physical interactions.  

I this context, I investigated the features/actions of p62 protein and IFN-γ cytokine, that 
has been demonstrated able to strongly affect bone and bone marrow confines. 

p62 is a multidomain scaffold protein involved in a number of different cellular processes. 
Several studies suggested that this protein plays a role in bone metabolism. Indeed, if on 
the one hand it has been demonstrated that p62 controls and mediates inflammatory and 
osteoclastogenic signals, on the other hand this protein showed osteoanabolic effects. In 
order to clarify this contradiction, in this work the function of p62 has been studied by 
means of a p62 deficient mouse model. Moreover, on the basis of results here obtained, the 
involvement of the previously mentioned protein in parathyroid (PTH)-induced osteogenic 
pathways has been tested. 

The other molecule here studied aiming at elucidating its action in the bone and bone 
marrow is the soluble cytokine IFN-γ. This pro-inflammatory proved to play important 
roles in bone metabolism. However, its functions in this tissue proved to be extremely 
complex and multifaceted, and until now its effects have not been completely clarified. 
Indeed, both in vitro and in vivo studies showed conflicting results, demonstrating that this 
cytokine has both osteoanabolic and osteodestructive functions. Accordingly, in this work 
the effects of a plasmid coding for IFN-γ on bone and bone marrow have been evaluated 
both in healthy and osteoporotic models as an attempt on the one hand to clarify its role in 
the above tissues, and on the other hand to evaluate if this delivery method may be 
considered as an alternative therapeutic approach to promote bone regeneration. 

Finally, in a parallel work, during my PhD course we also investigated the therapeutic 
effects of a new hyaluronic acid-based hydrogel in a mouse model of knee osteoarthritis. 
During osteoarthritis, hyaline cartilage as well as subchondral bone tissue degradations 
induce a generalized degeneration of the whole joint structure, with consequent pain and 
reduced mobility. Nowadays, even if no definitive cure is available for the pathology, the 
most promising approach for osteoarthritis management relies on hyaluronic acid intra-
articular injections. However, due to the short in vivo half-life of this polymer, repeated 
injections are needed, making its use expensive and patient-unfriendly. In light of this, the 
effects of a hydrogel containing different doses of hyaluronic acid were investigated in 
osteoarthritic mice, with the aim to evaluate if this alternative delivery system can improve 
the therapeutic effects of the above described biopolymer. 
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Chapter 5 

Outline of the Thesis  
 
 
 
Section II 
This section aimed at elucidating the effects of p62 protein in the bone and bone marrow 
environments. Our in vitro studies demonstrated the involvement of this protein in 
osteoblastogenic processes, while in vivo morphometric and densitometric analyses 
revealed a bone pathological phenotype suggestive of parathyroid hormone (PTH) 
resistance in p62 knock out mice. Consistently, in vitro studies highlighted for the first 
time that p62 deficiency inhibits PTH-osteogenic signals, probably by abrogation of 
BMP2/Smads pathway.  

In addition, analysis of bone marrow microenvironment in aged mice revealed the 
development of a pathological scenario in p62 deficient mice, consisting of impaired 
mesenchymal stem cell commitment and disrupted niche homeostasis.  
 

Section III 
In this section we add new insights to the effects of IFN-γ in bone tissue, demonstrating 
that administration of a plasmid coding for IFN-γ (pIFN-γ) to ovariectomized  (OVX) mice 
triggers an inflammatory environment capable of (i) inducing bone loss in healthy, sham 
operated mice, (ii) impairing bone marrow homeostasis.  
 
 
Section IV 
This section focus on a parallel study performed during my PhD course. Here, the 
therapeutic effects of a new type of hyaluronic acid-bearing hydrogel on a mouse model of 
osteoarthritis have been analyzed. Our data demonstrated that the controlled and sustained 
release of hyaluronan from this matrix proved to prolong the exposure of osteoarthritic 
knees to this biopolymer, consequently boosting the anti-inflammatory and regenerative 
potential of hyaluronic acid. 
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Chapter 1 

Introduction 
 
 
 
p62, also known as sequestosome1/SQSTM1, is a 440 amino acid scaffold protein 
consisting of several different domains through which this proteins interacts with a number 
of binding partners to participate in several cellular processes, including ubiquitin binding, 
autophagy and oxidative stress response, regulating so cell proliferation, cell death, 
immunity as well as inflammation. Apart from its physiological role, several studies 
demonstrated the involvement of p62 in the development and progression of several 
human diseases, such as neurodegenerative diseases, lung diseases, obesity, insulin 
resistance and cancer (Moscat & Diaz-Meco 2012). 
As previously mentioned, p62 protein is composed of several functional domains (Figure 
II.1), of which the most deeply investigated include the N-terminal PB1 domain (the 
primary binding site for atypical PKC, important proteins regulating in the control of cell 
polarity and survival by means of activation of NF-κB) (Moscat et al. 2006), the ZZ-type 
zinc finger (ZZ) domain (interacting with RIP1) and the TBS domain, recognized by 
TRAF6 (later deeply described).  
 

 
Figure II.1: Overview of p62 interacting partners and downstream signaling pathways. Abbreviation: I.R., 

immune response. 
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In addition, the C-terminal end of the protein carries the so-called ubiquitin-associated 
(UBA) domain. The UBA domain binds polyubiquitinated signaling proteins, allowing p62 
to associate to the protein trafficking to the proteasome and to activate pro-survival as well 
as pro-apoptotic pathways. It is important to underline that mutations in this domain have 
been described to play important roles in the onset of Paget’s disease of bone (PDB), a 
genetic disorder characterized by increased osteoclastic activity that leads to disorganized 
bone formation (Yu et al. 2009). 

Several studies demonstrated that, through ZZ domain, p62 is able to interact with 
receptor-interacting protein 1 (RIP1), which mediate NF-κB activation in response to 
TNFα stimulation (Moscat et al. 2006). Moreover, p62 has been found to play crucial role 
in innate immunity. Indeed, it has been demonstrated that ZZ domain interacts with innate 
defense regulator 1 (IDR-1), an important peptide enhancing host bacterial infection 
control and suppressing inflammation. As a consequence of the finding that p62 is targeted 
by IDR-1, it became possible to hypothesize that p62 may be potentially involved in anti-
inflammatory and anti-infective therapies (Yu et al. 2009). 

Apart from atypical PKC, another p62 binding partner targeting the N-terminal PB1 
domain is neighbor of BRCA1 gene 1 (NBR1). Probably, thanks to this association, p62 
regulates the packing and delivery of polyubiquitinated proteins and dysfunctional 
organelles for their clearance by means of autophagy (Moscat & Diaz-Meco 2009). This 
catabolic process relies on the packaging of intracellular components into double-layer 
membranes structures, known as autophagosomes, that will be then delivered to lysosome 
for degradation (Mizushima et al. 2008). Autophagy can be a non-selective (induced by 
starvation to provide essential nutrients to cells) as well as a selective process. In the latter 
case, misfolded proteins, protein aggregates or damaged organelles, are post-translationally 
modified by addition of ubiquitin. Ubiquitinated targets are then bound and translocated to 
autophagosome by means of specific molecular chaperones or autophagy receptors, 
targeting them for lysosomal degradation (Kirkin et al. 2009, Ashrafi & Schwarz 2013).  

In addition to NBR1, p62 has also been demonstrated to bind the autophagy regulator 
Atg8/LC3 by means of LIR domains, further confirming the existence of a link between 
p62 and autophagy. Disposal of toxic aggregates is essential to prevent cell death. 
Accordingly, it becomes evident that, by regulating autophagic trafficking, p62 is able to 
promote cell survival.  
As previously mentioned, a number of studies uncovered the involvement of p62 in several 
pathological conditions, including cancer. Accordingly, it has been demonstrated that p62 
accumulation, consequent to impaired autophagy, promotes tumorigenesis and increases 
tumor volume. These findings were further supported by the observation that p62-deficient 
cells showed reduced carcinogenic potential compared to p62-expressing cells. Indeed, it 
has been demonstrated that reduced NF-κB activation in the p62-deficient cells decreased 
the level of reactive oxygen species (ROS) scavengers. As a consequence, enhanced ROS 
accumulation, triggers cellular apoptosis. These results, together with the observation that 
a considerable number of human tumors express significantly higher p62 levels compared 
to normal tissue, support the hypothesis that p62 may be involved in tumorigenesis 
(reviewed in Moscat & Diaz-Meco 2009). 

It has been also demonstrated that ROS early cellular response to oxidative stress relies on 
the activation of KEAP1/NRF2 pathway. KEAP1 is a cytoplasmic inhibitor of NRF2 
(Nuclear factor (erythroid-derived 2)-like 2), a transcription factor able to induce the 
transcription of important genes for redox homeostasis. During physiological conditions, 
NRF2 ubiquitination and proteasomal degradation is promoted by KEAP1. However, 



	29	

during oxidative stress this inhibitor is modified and inactivated and, as a consequence, 
NRF2 translocates in the nucleus, where triggers expression of genes responsible for 
intracellular redox-balance and elimination of ROS (Stepkowski & Kruszewski 2011, 
Nezis & Stenmark 2012, Taguchi et al. 2012). p62 has been found to regulate oxidative 
stress response by means of its KEAP1-interacting region (KIR).  In particular, SQSTM1 
interacts with NRF2-binding site on KEAP1, competitively displaces the protein and 
targets KEAP1 to autophagy-mediated degradation. Notably, it has been demonstrated that 
NRF2 up-regulates p62 expression, forming a positive-feedback loop that boosts the 
antioxidant response. Moreover, p62 decreases basal levels of KEAP1, and depletion of 
this scaffold protein not only triggers an increase in KEAP1 expression, but also induces a 
significant NRF2 down-regulation (Jain et al. 2010, Copple et al. 2010, Taguchi et al. 
2012).  
Finally, by means of TBS domain, p62 binds TNF receptor-associated factor 6 (TRAF 6), a 
lysine 63 (K63) ubiquitin ligase playing crucial role in IL-1 and nerve growth factor (NGF) 
signaling pathways. TRAF6 triggers the phosphorylation and activation of IKK, that in 
turn induce the phosphorylation and polyubiquitination of IκB, targeting this inhibitor 
protein for proteasomal degradation. As a consequence, NF-κB is activated and 
translocates into nucleus, where it behave as a transcriptional activator.  
Apart from its role in the previously described cellular processes, p62 has been found to 
play important functions in bone metabolism. Indeed, TRAF6, by binding to TBS domain 
of p62 protein, is able to mediate osteoclast differentiation in response to RANKL/RANK 
signaling pathway (Figure II.2) (Duran et al. 2004). 
As deeply described in the previous section, RANKL/RANK signaling is the main 
pathway involved in osteoclast activation and commitment. However, due to its lack of 
intrinsic enzymatic activity, RANK receptor needs to recruit adaptor molecules able to 
propagate the signaling cascade triggered by the binding of its ligand RANKL. As 
demonstrated by several studies, the most important molecule mediating the 
osteoclastogenic RANKL/RANK signaling proved to be TRAF6 (Darnay et al. 1998, 
Takahashi et al. 2008). Indeed, it has been observed that upon RANK binding, TRAF6 
trimerizes and activates. Once active, TRAF6 triggers its own ubiquitination, an important 
event for the signaling transduction pathway: by means of its polyubiquitin chain, this 
adaptor molecule activates TAK-1-binding protein-2 (TAB-2), that in turn triggers TGFβ-
activated kinase-1 (TAK-1) activation. Once active, this kinase phosphorylates and 
activates IKK, inducing so NF-κB signaling. As a consequence, the expression of nuclear 
factor of activated T-cells c1 (NFATc1) is increased, that in turn promotes 
osteoclastogenesis by increasing the expression of crucial genes for osteoclast maturation 
and activation, as well as inhibiting OPG expression (Lamothe et al. 2008, Takayanagi et 
al. 2007).  
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Figure II.2: Overview of the RANKL-TRAF6-p62-NK-kB pathway. RANKL binding to its receptor RANK 
results in recruitment of TRAF6, that in turn associates with p62. p62 binds aPKC, that phosphorylate and 
activate IKKß. In parallel, the UBA domain of p62 triggers TRAF6 polyubiquitination and activation. The 
TAB1-TAB2-TAK1 complex is then activated by TRAF6 and, by phosphorylation and activation of IKKß, 

stimulate NF-κB translocation into nucleus. Here, this transcription factor activates the expression of 
NFATc1, promoting so osteoclastogenesis. In addition, NF-κB signaling also induces the expression CYLD, 

that in turn deubiquitinates and inactivates TRAF6. Figure from: Rea et al. (2013). New insights into the role 
of sequestosome 1/p62 mutant proteins in the pathogenesis of Paget's disease of bone. Endocr. Rev.,  34:501-

524.  
 
Notably, p62 plays crucial roles in this pathway. Indeed, the p62 TBS domain binds to 
TRAF6 and mediates NF-κB activation. In addition, by means of its UBA domain, 
SQSTM1 recruits ubiquitin and mediates TRAF6 polyubiquitination, an important step 
required for the activation of TAB-2. Apart from direct TRAF6 binding, p62 is proved to 
stimulate NF-κB pathway by binding to aPKC by its N-terminal PB1 domain, which 
phosphorylates and activates IKK (Figure II.2) (Seibenhener et al. 2007, Duran et al. 
2004). The importance of p62 in mediating osteoclastogenic signal in the RANK-NF-κB 
signaling pathway has been demonstrated by several studies. Accordingly, p62 knock-out 
mice administered with osteoclastogenic parathyroid hormone related protein (PTHrP, 
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proved to increase RANKL expression and signaling) showed impaired osteoclasts 
formation and maturation (Duran et al. 2004). In addition to promoting TRAF6 and NF-κB 
activation, p62 are also able to negatively regulate TRAF6 signaling by binding and 
recruiting the deubiquitinating enzyme CYLD to TRAF6. Bearing in mind that CYLD 
expression is induced by NF-κB, it has been proposed that CYLD acts as a negative 
feedback regulator of NF-κB signaling (Kovalenko et al. 2003) suggesting an osteogenic 
p62 function. On this context, a recent research carried out in the lab where I performed 
my master degree thesis and in which I directly participated demonstrated that the 
administration of a DNA plasmid coding for p62 protein in a mouse model of osteoporosis, 
induced by ovariectomy, was able not only to counteract bone loss, but also to induce new 
bone formation both in prevention and in treatment. Also, p62 DNA administration 
decreased the synthesis of inflammatory and osteoclastogenic molecules, while stimulating 
the osteoblastogenic markers RUNX2 and Osx, the main osteogenic factors. Based on the 
results obtained by Sabbieti et al. (2015), evidencing an important role of p62 in bone 
formation, and in order to try to understand the mechanism by which p62 is able to 
counteract bone loss, we decided to study the role of p62 in bone and bone marrow 
homeostasis using a p62 knockout (KO) mouse model. These researches were conducted 
thanks to our collaboration with Prof. Toru Yanagawa, Oral and Maxillofacial Surgery, 
Division of Clinical Medicine, Univ. of Tsukuba, Japan, that kindly provided us the p62 
null mice and performed the bone densitometrical analyses below detailed. The p62 null 
(p62-/-) mice were generated by conventional method as described previously (Komatsu et 
al. 2007). Briefly, the murine gene encoding p62/A170/SQSTM1 was cloned from 129/SvJ 
mouse genomic library consisting of at least 8 exons spanning more than 25.4 kb. A 
targeting vector was designed to delete a portion of exon 1-4 to replace it with the 
neomycin resistance gene. The embryonic stem cell clones that had undergone 
homologous recombination were used to microinject C57BL/6N blastocysts. Chimeric 
males were mated with wildtype C57BL/6J females, and heterozygote from this cross were 
mated to produce animals homozygous for the p62/A170/SQSTM1 gene. Before analysis, 
these mice were crossed with C57BL/6J mice (Charles River) for more than 10 generations 
to produce fertile offspring that grew normally.  
These researches have been concretized in the following manuscripts. 
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Chapter 2 

Loss of p62 Impairs Bone Remodeling and Inhibits 
Parathyroid Hormone (PTH)-induced Osteoblast 

Maturation 
 

Giovanna Lacava, Toru Yanagawa, Dimitrios Agas, Maria Giovanna Sabbieti  
Manuscript in preparation 

 
 

2.1 Introduction 
 
As previously described, we found, for the first time, that the p62DNA delivery induces 
bone formation in an osteopenic model. Supporting our data, a recent report indicated that 
p62 inhibits osteoclast differentiation, and that p62 deficiency accelerates 
osteoclastogenesis (Zach et al. 2018). Actually, in order to clarify the role of p62 in bone 
metabolism, most of attention has been pointed on the involvement of p62 on disruptive 
bone scenarios due to its participation to inflammatory/osteoclastogenic pathways. 
However, not well-defined information is so far present in the literature regarding the p62 
function in the fine-tuned process underlining the bone and bone marrow physiological 
features.  

Hence, the first objective of this study was to determine the function of p62 in osteoblasts 
maturation and bone formation.  

Second, we evaluated whether the p62 is necessary for the effects of important regulators 
of osteoblast maturation. In particular, we focused our attention on the involvement of p62 
in the parathyroid hormone (PTH) effects on bone. PTH is one of the most important 
regulators bone metabolism, proving to exert both bone anabolic as well as catabolic 
effects. While on the one hand continuous PTH production demonstrated to increase 
osteoclastogenesis by up-regulation of RANKL and M-CSF secretion (Kearns et al. 2008, 
Ohishi & Schipani 2011), on the other hand low and intermittent PTH administration 
proved to enhance new bone deposition by inducing MSC differentiation towards 
osteoblastogenesis and osteoblasts proliferation (Li et al. 2007, Sabbieti et al. 2009, 
Sabbieti et al. 2017). Notably, intermittent PTH administration has been approved by FDA 
as therapeutic agent to contrast the osteoporosis (Yu et al. 2012).  
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2.2 Materials and Methods 
 

Animals 
C57BL/6J (Envigo, Udine, Italy) wild-type (WT) and p62/SQSTM1 knockout (p62 KO) 
female mice were used. Mice were bred and housed in laminar-flow cages in standardized 
environmental conditions.  Mice were sacrificed by CO2 narcosis and cervical dislocation 
according to the recommendation of the Italian Ethical Committee and under the 
supervision of authorized investigators. The Italian ethical committee on Animal 
Experimentation approved the procedures described in this study (Authorization number: 
225/2018-PR). 

All animal experiments carried out in the University of Tsukuba were approved  by the 
institutional Animal Care and Use Committee of University of Tsukuba. 

 
DNA Plasmid and treatments 

Human DNA plasmid was kindly provided by the Biotechnology Company CureLab 
Oncology Needham MA (USA). The mouse p62 (SQSTM, isoform 1) was cloned in 
pcDNA3.1 (InVitrogene) vector as previously described (Sabbieti et al., 2015). Large scale 
preparations of the endotoxin-free plasmids were routinely performed by alkaline lysis 
using either Endo Free Plasmid Kit (Qiagen) or Gen Elute HPSelect Plasmid Giga Prep 
columns (Sigma # NA0800).  

 
Bone marrow stromal cells (BMSCs) preparation and cultures  

Long bones (femurs, tibiae and humeri) from 3 months old C57BL/6J p62+/+ and p62-/- 
mice were dissected free of adhering tissue. The ends were removed and the marrow cavity 
was flushed with a-Minimum Essential Medium (a-MEM) as previously described 
(Sabbieti et al., 2015).  

Cells were pooled and then plated on 100 mm dishes and grown to confluence in a-MEM 
plus 10% heat-inactivated-fetal calf serum (HIFCS), penicillin (100 U/ml), and 
streptomycin (50mg/ml) (all from Invitrogen Life Technologies, Milano, Italy) for 10 days 
in a humidified atmosphere of 5% CO2 at 37°C in order to generate monolayers of non 
hematopoietic adherent cells (Bianco et al. 2013) (referred as Bone Marrow Stromal Cells 
“BMSCs”). Culture medium was changed every three days. Then, cells were detached by 
trypsinization, counted and plated as below specified for each experimental approach. 
 

Primary Calvarial Osteoblast  (COBs) Cell Cultures 
Primary calvarial osteoblasts were isolated from newborn C57BL/6J p62+/+ and p62 null 
mice as previously described (Naganawa et al. 2008, Montero et al. 2000). 
 

BMSCs and primary calvarial pre-osteoblasts transfection with p62 encoding plasmid 
BMSCs and COBs from C57BL/6J p62+/+ and p62-/- mice were plated at the density of 
10x106 cells/well and 5 x 104 cells/well respectively, in six-multiwell plates in a-MEM 
containing 10% FBS, penicillin and streptomycin until they reach 80% of confluence. 
Then, cells were transiently transfected either with 2.5 mg of p62 DNA or with pcDNA 3.1 
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(vector control) in transfection medium (OptiMEM; Life technologies, Milano Italy) using 
Lipofectomine 2000 as transfection reagent according to the manufacturer's protocol (Life 
Technologies Italia, Monza, Italy).  

Then, the protein lysates were analyzed by western blotting as below detailed 6h and 24h 
after transfection.  

 
RNA interference 

To evaluate the importance of p62 in osteoblast differentiation BMSCs and COBs from 
C57BL/6J p62+/+ mice were plated at the density of 10 x106 cells/well and 5 x 104 
cells/well respectively, in six-multiwell plates in a-MEM containing 10% FBS, penicillin 
and streptomycin until they reach 80% of confluence. Then, cells were transfected with 
p62 siRNA according to siRNA transfection protocol provided by the manufacturer (Cell 
Signaling, Euroclone). Briefly, BMSC were plated in 6-well culture dishes at a density of 
10x106 cells/well and grown for 10 days as above described. Cultures were transfected 
with p62 small interfering RNA (siRNA) using INTERFERin® transfection reagent 
(Polyplus tranfection, Euroclone, Milano, Italy). A control siRNA (non-homologous to any 
known gene sequence) was used as a negative control. The levels of p62 were analyzed by 
Western blotting (as below described) using a rabbit anti-p62 antibody (Sigma-Aldrich, 
Milano, Italy), and the specificity of the silencing was confirmed in 3 independent 
experiments. 
 

Measurement of ALP activity and Alizarin red S intake in BMSCs and COBS  
Alkaline phosphatase (ALP) activity staining and enzyme activity measurement was 
performed as previously described (Maeda et al. 2001). In brief the culture cells in 24-well 
plates were rinsed with PBS. The cells were lysed in 0.1 M Tris buffer, pH 7.2, containing 
0.1% Triton X-100. The ALP activity was measured with an ALP B-test kit (Wako 
Chemical Co.) (n=2). Alizarin red S (AR-S) staining was used to estimate mineralized 
extracellular matrix. The cultures were briefly rinsed with PBS followed by fixation (ice-
cold 70% ethanol, 1 h) and then stained for 10 min with 40 mM Alizarin red-S, pH 4.2. 
Cultures were observed at light microscope level. AR-S staining released from the cell 
matrix was measured by incubation in 10% cetylpyridinium chloride (CPC) in 10 mM 
sodium phosphate (pH 7.0), for 15 min. The AR-S concentration was determined by 
measuring the absorbance at 562 nm by spectrophotometer (n=3). 

 
BMSCs and COBs treatment with PTH or with BMP2 

BMSCs and COBs from C57BL/6J p62+/+ and p62-/- mice were plated at the density of 
10 x106 cells/well and 5 x 104 cells/well respectively, in six-well plates in a-MEM 
containing 10% FBS, penicillin and streptomycin until their confluence. Thereafter, cells 
were treated with PTH (10-9M; Sigma-Aldrich, Milano, Italy) or with BMP2 (50 ng/ml) for 
the selected time periods. Control cultures were treated with the appropriate vehicles. 
Doses and treatment length were selected based on previous studies (Sabbieti et al. 2013, 
Agas et al. 2013, Hurley 1999, Sabbieti et al. 2009). Additional BMSCs cultures from 
p62+/+ mice were p62 knocked down for 24 h and then treated with PTH (10-9M) for 24h. 
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Western blotting 

Proteins from BMSCs were extracted in cell lysis buffer (Cell Signaling, EuroClone, 
Milano, Italy) and the concentration was determined by the BCA protein assay reagent 
(Pierce, EuroClone). Western blotting was performed as previously described in Sabbieti et 
al. 2010. Membranes were incubated with the following primary antibodies diluted in 
blocking buffer: rabbit anti-mouse p62 (1:800 dilution, Sigma-Aldrich, Milano, Italy); 
monoclonal rabbit anti-Runx-2 (1:600 dilution, Cell Signaling EuroClone, Milano, Italy); 
rabbit anti-Osterix (1:500 dilution, Abcam, Prodotti Gianni, Milano, Italy; rabbit anti-
phospho-Smads 1/5/8 and rabbit anti Smads (1:400 dilution, Cell Signaling EuroClone, 
Milano, Italy). After washing with PBS-T, blots were incubated horseradish peroxidase 
(HRP)-conjugated donkey anti-rabbit IgG or with HRP-conjugated rabbit anti-mouse IgG 
(Cell Signaling, Euroclone Milano, Italy) both diluted 1:100000 in blocking solution for 1h 
at RT. Immunoreactive bands were visualized using LiteAblot Turbo luminol reagents and 
Hyperfilm-ECL film (EuroClone, Milano, Italy) according to the manufacturer’s 
instructions. To normalize the bands, filters were stripped and reprobed with a monoclonal 
anti-α-tubulin (Sigma-Aldrich). Band density was quantified densitometrically using 
ImageJ software.  

 
Bone morphometry 

Parameters for the trabecular bone were measured in an area 1.2 mm long from 0.3 mm 
below the growth plate at the proximal metaphysis, and 0.15mm apart from cortex of the 
tibiae. Tibiae from p62-/- and wild-type mouse aged 8-9 weeks (n=5-10) were analyzed by 
bone morphometry. Double calcein (Bis[N,N-bis (carboxymethyl) aminomethyl] 
fluorescein) (Dojindo Laboratories, Kumamoto, Japan) labeling was performed by ip 
injection of mice with 10 mg calcein/g body weight. Calcein was injected twice (4 days 
interval), and tibiae harvested from mice were dissected free of soft tissue, fixed in 80% 
ethanol and the specimens were subjected to histomorphometric analyses using a 
microscope with a video camera connected to an image analysis system. Parameters for the 
bone histomorphometry were followed as described in Parfitt et al. 1987. 

 
Bone density measurement by using DXA 

By using Dual Energy X-ray Absorptiometry (DXA: DCS-600：ALOKA CO., Tokyo, 
Japan) bone mineral density of p62-/- and wild-type mouse aged 8-9 weeks (n=5) was 
analyzed. We plotted the value analyzed by DXA that divided full length of p62-/- and 
wild-type mouse tibia into 20 parts longitudinally. To quantify the bone mineral density of 
mouse, the mean of 20 parts from tibiae was statistically analyzed.  

 
Statistical analysis  

Statistical analysis were performed by Student’s t-test. A p-value<0.05 was considered 
statistically significant. All experiments were performed at least three times. The results 
were presented as the means± standard deviation (SD). All analyses were performed with 
GraphPad Prism (GraphPad Software, Inc. San Diego, CA) [Italy] or with Statcel 3 
software (OMS Publisher, Tokorozawa, Japan) [Japan]. 
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2.3 Results and Discussion 
 

We first in vitro evaluated the role of p62 in osteoblast differentiation. To this end bone 
marrow stromal cells (BMSCs) from healthy mice were transiently transfected with hp62 
DNA, or with the empty vector (control) for 6 and 24 h and the expression of osteoblasts 
differentiation markers were evaluated.  

The BMSCs were chosen in line with previous work from Sabbieti et al. 2015 and because 
they represent a mixed cells population of stem/progenitor and mature cell with important 
interaction for their role on bone maintenance and regeneration (Agas et al. 2015, Kassem 
& Bianco 2015). Parallel experiments were also conducted on calvarial pre-osteoblasts 
(COBs). As similar results were obtained with COBs and by using the mouse p62 (mp62) 
DNA, results from COBs and mp62 are omitted in order to avoid unnecessary repetition. 

An important increased synthesis of the key osteoblastogenic markers Runx2 and Osterix 
(Osx) was found in BMSCs hp62 DNA-transfected (Figure II.3A). 

 

 
Figure II.3: p62 overexpression promotes osteoblast differentiation and maturation. Western blotting 

analysis showing significantly increased Runx2 and Osx expressions in p62-transfected BMSCs (A). Alizarin 
Red S staining of BMSCs showing increased calcium deposition following p62 transfection and decreased 
calcium deposition in p62 silenced BMSCs (B). Western blotting analysis showing significantly decreased 

Runx2 and Osx expressions in BMSCs-p62 silenced. p<0.05 
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In addition, p62 transfected BMSCs stained with Alizarin Red S (AR-S), showed, 
compared to control plasmid, a marked increase of calcium deposition (Figure II.3B). 
Thus, the data clearly demonstrated that the p62 overexpression in osteoblasts precursors 
cells lead to increased osteoblast maturation.  
We further analyzed the osteoblastogenic markers expression in BMSCs p62 knocked 
down. The specific siRNA against p62 efficiently and specifically silenced (more than 
85%) p62 expression in BMSCs. Interestingly, compared with the scrambled siRNA, we 
observed a strong decrease of Runx2 and Osterix in BMSCs-p62 depleted (Figure II.3C).  
In the previous work from Sabbieti et al. 2015 it has been suggested that p62 indirectly 
promoted new bone formation, probably due to its ability to contrast inflammation. 
However, these results show that p62 also plays a direct role in the osteogenesis. Indeed, 
the previously described in vitro tests have been conducted on cells collected from 
normal/healthy mice, presumably lacking the relevant inflammatory conditions. Moreover, 
BMSCs p62 knocked-down showed a lower osteogenic capacity in respect with the wild 
type cultures.  

Considering the above, we expected an impaired bone formation along with an osteopenic 
bone phenotype in p62 KO mice. To this end bone morphometry, bone mineral density and 
bone formation markers were analyzed in p62-/- mice. 
 

													GROUPS	 	

	 p62+/+	
mice	

p62	-/-	
mice	

p	
values	

Structural	parameters	
	
Osteoid	Surface	(OS/BS	%)	
Osteoid	Thickness	(O.Th	µm)	
Trabecular	Number	(Tb.N	/mm)	
Trabecular	Thickness	(Tb.Th	µm)	
Eroded	Surface	(ES/BS	%)	
	
Dynamic	parameters	
		
Mineral	Apposition	Rate	(MAR	µm/day)	
Bone	Formation	Rate	(BFR/BS	
µm3/µm2/day)	

	
									

					8.0	±	4.9	
2.7	±	0.7	
3.6	±	0.4	
		31.2	±	3.8	
4.3	±	0.9	

	
	
	

1.4	±	0.3	
5.1	±	2.6	

	
					
3.8	±	1.4	
1.9	±	0.5	
4.3	±	0.3	
28.3	±1.0	
2.3	±	0.7	

	
	
	

1.0	±	0.1	
2.8	±	0.7	

	
	
p<0.05	
p<0.05	
P<0.01	
p<0.05	
P<0.01	
	
	
	
p<0.01	
p<0.05	

Table II.1: Bone structure and remodeling parameters in p62 KO mice vs the WT counterpart 

 

The proximal end of tibia in p62-/- and wild type mouse were analyzed as described in 
material and methods by static and dynamic bone histomorphometry. Data showing 
significant differences between genotypes are summarized in Table 1. In particular, osteoid 
surface, osteoid thickness, trabecular thickness, eroded surface, mineral apposition rate and 
bone formation rate were found significantly lower in the p62-/- mice compared with WT 
counterpart. On the contrary, the trabecular number in the p62-/- mice was significantly 
higher than the WT mice. There was no significant difference in osteoblasts surface and 
osteoclasts number and surface (Table II.1).	Thus, the histomorphometric parameters were 
suggestive of bone remodeling reduction in p62-/- mice compared with the wild-type 
counterpart (Figure II.4). 
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Figure II.4: Bone morphometry of wild type and p62-/- mice. Analysis of bone volume (BV/TV%) (A), 

osteoblast surface (OS/BS%) (B), trabecular number (Tb.N/mm) (C), trabecular thickness (Tb.Th µm) (D), 
trabecular separation (Tb.Sp µm) (E), osteoid thickness (O.Th µm) (F), osteoblast surface (Ob.s/BS%) (G), 
eroded surface (ES/BS%) (H), osteoclast number (N.Oc/B.Pm/100mm) (I), osteoclast surface (countinue) 

(continued) (Oc.S/BS%) (J), mineral apposition rate (MAR/µm) (K) and bone formation rate (BFR/BS 
mm3/mm2/Y) (L) showing significant differences between p62+/+ and p62-/- mice. Data expressed as means 

and standard deviations for 5-10 bones per group for wild-type and p62-/- mice. *p<0.05; **p<0.01 

 

Contrarily to previous reports indicating that no significant differences have been observed 
in basal bone metabolism (Durán et al. 2004), bone histomorphometric analysis clearly 
showed that both static (osteoid surface and thickness) and dynamic (bone mineralization 
rate and bone formation rate) parameters associated with bone formation were decreased in 
p62-/- mice. However, differently from our expectation, we also found a lower bone 
erosion rate in p62 deficient mice, while the trabecular numbers resulted increased. 

Next, bone mineral density (BMD) in tibia from the above animal groups have been 
investigated by means of Dual Energy X-ray Absorptiometry (DEXA) analysis. BMD have 
been analyzed in 20 different longitudinal bone areas, showing a significantly increased 
BMD in tibia from p62-/- mice when compared to WT counterpart (Figure II.5).  
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Figure II.5: Bone mineral density (BMD) of the tibiae of wild-type and p62-/- mice. BMD analysis of each 

of 20 equal longitudinal divisions of tibiae from 8-9-week-old (n=5) p62-/- and WT mice (left panel) and 
quantification of BMD of the whole tibiae (right panel) showing significantly increased BMD in p62-/- group 

when compared to WT mice. Data are expressed as ±SD. **p<0.01 

 

This result was not surprising since an increase of bone mass has been frequently 
associated with the chronic decrease of bone turnover (Abugassa et al. 1993, Chan et al. 
2003, Duan et al. 1999; Clarke 2014). Previous studies showed an increased BMD in the 
radius of patients with hypoparathyroidism, without an increase of the total bone volume, 
and the authors showed that the increased mineralization was due to a higher cortical area 
and thickness (Chen et al. 2003, Clarke 2014). In agreement with these studies, our 
analyses in p62-/- mouse model, evidenced that the increase in mineral density was 
particular evident at middle level of the tibia, which results mainly composed by cortical 
bone, while the total bone area was found not increased.  
These results, and, in particular, the observation of an unchanged osteoblast number 
accompanied by a decrease in both the organic and mineralized bone matrix, indicated an 
impaired osteoblasts activity in p62 deficient mice. Accordingly, the osteoblast 
differentiation and maturation potential in case of p62 deficiency has been investigated by 
means of ALP and Alizarin red S staining. As shown in Figure II.6, both ALP activity and 
Alizarin red S intake were strongly decreased in the p62-deficient group.   

 
Figure II.6: ALP activity and Alizarin red S intake analysis showing impaired osteoblast function in p62-/- 

mice. Representative pictures of ALP activity staining cultures (upper, left panel) and (continues) 
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(continued) representative pictures of alizarin red (AR-S)–stained matrix nodule formation (down, left panel) 
by cultured osteoblastic cells from neonatal (1 days old) wild-type or p62-/- mouse calvariae at 2 and 4 

weeks of culture and quantification of ALP activity (upper, right panel) and AR-S intake (down, right panel) 
showing significant decrease of both ALP activity and AR-S intake in p62-/- cells. . Data are expressed as 

mean ± SD for 2 wells per group. **P<0.01. 

 
In light of the above described results, it could be reasonable to hypothesize that p62 
deficiency triggers important alterations in bone tissue, characterized by decreased bone 
remodeling.  

Considering that there are not, so far, available data regarding the effects of PTH on p62 
synthesis, as a first approach the ability of PTH to modulate p62 expression have been 
evaluated. As shown in Figure II.7, PTH treatment was able increase p62 synthesis in 
BMSCs from wild-type mice, with results particularly evident at 6- and 24-h treatment, 
indicating that p62 expression levels are modulated by this bone anabolic treatment.  
 

 
Figure II.7: p62 expression is modulated by PTH treatment. Western blotting analysis showing 

significantly increased p62 expression at 6- and 24h PTH treatments. p<0.05. 
 

Then, to examine the potential involvement of p62 in PTH-modulate the osteoblastogenic 
markers, we exposed BMSCs from p62 KO to 24 h PTH (10-9 M) or vehicle. 

 

	
Figure II.8: p62 deficiency impairs PTH osteoblastogenic effects. Western blotting analysis demonstrating 

lack of response to 24h PTH treatment in BMSCs from p62-/- mice. p<0.05. 
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Compared with BMSCs from WT mice, lack of p62 down-regulated Runx2 and Osterix 
levels in vehicle treated cells as above observed. Interestingly, depletion of p62 completely 
blocked the 24 h PTH (10-9M) effects on Runx2 and Osterix (Figure II.8). As we expected, 
PTH increased the osteogenic markers in the BMSCs from WT mice. Similar results were 
also found in BMSCs p62 knocked down PTH-treated (data not shown).  

These data, unveiling for the first time the functional requirement of p62 in PTH signaling, 
provides new insight into the therapeutic application of this hormone.  

Duran et al. (2014) demonstrated that p62 play a critical role in RANKL and TRAF6-
mediated NF-κB activation with consequent osteoclasts maturation.  The same authors 
claimed that in p62 KO mice the response to the osteoclastogenic stimuli of the continuous 
PTH administration was abolished as a consequence of RANKL-NF-kB inactivation 
(Duràn et al, 2004). Despite the obvious similarities, it should be taken in account that the 
osteogenic activity of PTH is generally unconnected with the NF-kB pathway and that 
multiple in vitro and in vivo studies showed an inversely correlation between NF-kB and 
osteoblasts differentiation (Brendan et al. 2010, Novack 2011). On this context, it was 
recently demonstrated that PTH induces osteoblasts differentiation by increasing 
BMP2/Smad signaling (Yu et al. 2012).  

Thus, we evaluated the BMP2 signals in p62 KO BMSCs treated with PTH.  
Interestingly, we for the first time, evidenced that BMP2 increased p62 and in this increase 
was relatively rapid (2 h) while the p62 modulation by PTH needed more time (6 and 24h 
(Figure II.9A). More important, in p62 KO mice the active Smad 1/5/8 were unresponsive 
both to the PTH and the BMP2 treatment (Figure II.9B).  
 

	
Figure II.9: p62 probably inhibits PTH osteogenic effects by abrogation of BMP2/Smads pathway. 

Western blotting analysis showing significantly increased p62 expression following 2h BMP2 treatment in 
BMSCs from wild-type mice(A) and lack of increase in Smad1/5/8 levels in response to 24h PTH treatment in 

BMSCs from p62-/- mice (B). p<0.05. 
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Therefore, our findings in line with previous data strongly suggest that PTH anabolic 
effects are mediated by BMP2. As a consequence, the abrogation of PTH signal in p62 KO 
mice could be, at least in part, due to lack of the BMP2/Smads pathway activation. 

In summary, our in vitro and in vivo data, for the first time, clearly showed the functional 
relevance of p62 in the process of osteoblasts differentiation and bone formation.  

Noteworthy, although other in vivo studies are necessary, the failure in the response to 
PTH in p62 loss function/mutation condition should be take into account given the 
important therapeutic implication. 
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Chapter 3 

p62 Deficiency Shifts Mesenchymal/Stromal Stem Cell 
Commitment Toward Adipogenesis And Disrupts Bone 

Marrow Homeostasis In Aged Mice 
 

Giovanna Lacava, Fulvio Laus, Andrea Amaroli, Andrea Marchegiani, Roberta 
Censi, Piera Di Martino, Toru Yanagawa, Maria Giovanna Sabbieti, Dimitrios Agas 

Journal of Cellular Physiology (2018), Accepted 

 
 
3.1 Introduction 
 

With advancing age, it has long been demonstrated that alterations arose in bone and bone 
marrow, due to impaired bone remodeling process and bone marrow niche homeostasis. As 
a consequence, an osteopenic phenotype along with impaired MSCs and HSCs 
commitment could be observed in aged bone and bone marrow tissues (reviewed in Lacava 
et al. 2018).  
The role of p62/SQSTM1 in aging and age-related diseases remains a compelling 
challenge for modern research considering also that in mice p62 expression declines with 
age (Kwon et al. 2012). The p62 key role in aging process can be further comprehended by 
the fact that p62-/- mice accumulate damaged mitochondria, reveal impaired NFE2L2 
pathway activation and accelerated aging (Kwon et al. 2012, Bitto et al. 2014) accelerated 
osteopenia and impaired niche operational activities within bone marrow. In this 
perspective we questioned whereas the p62 deficiency can disrupt bone marrow 
microarchitecture and homeostatic features in aged mice 
Using a gold standard model for aging studies as the C57BL/6 (median female life span 
was reported as 866 days) (Jilka 2013), we assessed whether p62-/- aged female mice were 
able to fired-up “inflamm-aging” effects, affect mesenchymal stem cell commitment and 
cytokine/chemokine intramural release. We also illustrated a mechanistic scenario of the 
above findings within a p62-lack bone marrow microenvironment. 
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3.2 Materials and Methods  
 

Animals 
C57BL/6J (Envigo, Udine, Italy) wild-type (WT) and p62/SQSTM1 knockout (p62 KO) 
female mice were used. Mice were bred and housed in laminar-flow cages in standardized 
environmental conditions.  Both the WT and the p62 KO mice were randomly distributed 
in three groups for each genotype as follow: 
Group 1: six months old mice (n = 8) 

Group 2: one year old mice (n = 8) 
Group 3: two years old mice (n = 8) 

Mice from all group were sacrificed by CO2 narcosis and cervical dislocation according to 
the recommendation of the Italian Ethical Committee and under the supervision of 
authorized investigators. The Italian ethical committee on Animal Experimentation 
approved the procedures described in this study (Authorization number: 225/2018-PR). 

 
Histological bone analysis and immunohistochemical staining 

Femurs from the above mice groups, dissected from adhering tissue, were fixed in 4% 
paraformaldehyde (PFA) and decalcified in 14% EDTA solution (pH 7.1) at RT for 3 days 
under constant agitation. Samples, after dehydration, were embedded with paraffin. Tissue 
sections, 10-12 µm thick, were obtained by a microtome (Leica Reichert-Jung 2040) and 
stained with toluidine blue or with hematoxylin and eosin stains. BM adipocytes were 
quantified as described previously (Zhu et al. 2013, Wang et al. 2015). Other sections, 
after rinsing with PBS and incubation with 0,3% H2O2 were incubated with blocking 
buffer (0.3% Triton X-100 and 1% BSA in PBS) containing 10% normal serum for 30-60 
min at RT in a humidified chamber. Then, sections were incubated 1 h at RT with the 
following primary antibodies diluted 1:80 in blocking buffer: rabbit anti-Osterix (Santa 
Cruz Biotechnology, DBA, Milano, Italy); rabbit anti-CXCL12 (Abcam; Prodotti Gianni, 
Milano, Italy); mouse anti-nestin (Abcam; Prodotti Gianni, Milano, Italy). After washing 
in PBS, sections were incubated for 30 min at RT with a biotinylated goat anti-mouse IgG 
(Vector Laboratories, DBA Milano, Italy) or with a biotinylated goat anti-rabbit IgG 
(Bethyl Laboratories, Aurogene s.r.l., Roma, Italy) both diluted 1:200 in blocking buffer. 
Control experiments were performed by omitting the primary antibody. Slides were 
imaged using a Leica DM 2500 microscope. 
 

Quantitative Analysis of Immunohistochemistry 
High-resolution, 36-megapixel, digital micrographs were taken of defined bone marrow 
using a Leica DM 2500 optical microscope. Freely available software ImageJ software 
[version 1.34j, National Institutes of Health (NIH)] was used to quantify pixel intensity.  

 
Bone marrow cells (BMCs) preparation and cultures  

Long bones (femurs, tibiae and humeri) from the above mice groups were dissected free of 
adhering tissue and the marrow cavity was flushed with DMEM medium. Total BMCs 
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were cultured for 3 days in DMEM containing 10% heat-inactivated-fetal calf serum (HI-
FCS), penicillin and streptomycin (Invitrogen, Milano, Italy). 
 

Western blotting 
Proteins from BMCs were extracted in cell lysis buffer (Cell Signaling, EuroClone, 
Milano, Italy) and the concentration was determined by the BCA protein assay reagent 
(Pierce, EuroClone). Western blotting was performed as previously described in Sabbieti et 
al. 2010. Membranes were incubated with the following primary antibodies diluted in 
blocking buffer: rabbit anti-CXCL12 or with rabbit anti-CXCR4 (Abcam, Prodotti Gianni, 
Milano, Italy) both diluted 1:600. After washing with PBS-T, blots were incubated 
horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG (Cell Signaling, 
Euroclone Milano, Italy) diluted 1:100000 in blocking solution for 1h at RT. 
Immunoreactive bands were visualized using LiteAblot Turbo luminol reagents and 
Hyperfilm-ECL film (EuroClone, Milano, Italy) according to the manufacturer’s 
instructions. To normalize the bands, filters were stripped and reprobed with a monoclonal 
anti-α-tubulin (Sigma-Aldrich). Band density was quantified densitometrically using 
ImageJ software.  

 
Detection of the intracellular ROS level in BMCs 

Intracellular ROS levels were analysed based on a modified protocol described in Lee et al. 
2009. Briefly, trypsinised BMCs were suspended to a density of 1x106 cells/mL in PBS 
(pH 7.4,16 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 3 mM KCl); 180 mL of the 
cell suspension was transferred to micro reaction tubes and 20 mL of 1 mM DCFH-DA 
(Sigma) was added to the cells (final concentration of 100 mM). The samples were 
incubated at 37 °C for 30 min. ROS levels were measured as fluorescence signal following 
excitation at 488 nm and emission detection at the 525 nm. The fluorescence intensity was 
proportional to the amount of ROS generated by the cells and measured by TECAN. 

 
Statistics Analysis 

All experiments were performed at least three times. The results were presented as the 
means± standard deviation (SD). The data were analyzed using Student’s t-test or 
ANOVA. A value of p<0.05 was considered statistically significant. All analyses were 
performed with GraphPad Prism (GraphPad Software, Inc. San Diego, CA). 
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3.3 Results and Discussion  
 

As first approach, femurs from all the experimental mice groups were collected for 
histological evaluation. In line with literature, no significant differences were observed 
between p62+/+ and p62-/- mice groups at 6 months of age. Conversely, increased bone 
marrow adiposity was detected in aged p62-/- mice compared to WT littermate, with an 
increased adipocyte number particularly evident in 2 years old p62-deficient mice (Figure 
II.10A-C). 

 

 
Figure II.10: Adipocyte infiltration in bone marrow from aged p62 deficient mice.  Representative 

Toluidine blue (A), hematoxylin and eosin (B), and Oil red O (D) stained sections of femur bone marrow 
from p62+/+ and p62-/- mice 6m, 1y and 2y old showing significant adipocytes infiltration particularly 
evident in 2y old p62-/- mice. Adipocyte number normalized by area of bone marrow (numbers/mm2) in 

femurs of p62+/+ and p62-/- mice 6m, 1y and 2y old. (C). Magnification: 20x; p < 0.05 
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This ectopic adipocyte invasion has been found to be mainly localized at the endosteal and 
submetaphyseal femoral areas and, as shown in Figure II.10D, the results were further 
supported by Oil red O staining.  

The abnormal accumulation of adipocytes in the bone marrow of aged p62KO mice could 
potentially trigger alterations in the bone marrow niche homeostasis, by directly disturbing 
its cellular inhabitants and by disrupting the signaling network existing between these 
different cell populations. Accordingly, immunohistochemical analysis was used to study 
three cellular populations playing important role for the maintenance of the bone marrow 
niche microenvironment, namely the Nestin+, Osterix+ (Osx+) and Osteocalcin+ (OCN+) 
cells. The Nestin+ cells, a subpopulation of mesenchymal stem cells (MSCs) localized in 
the perivascular area, proved to directly regulate hematopoietic stem cell (HSC) 
maintenance (reviewed in Lacava et al. 2018). As shown in Figure II.11A, aged, p62-
deficient mice revealed a reduction in the number of Nestin+ cells and an altered 
perivascular distribution compared to p62+/+, particularly evident in 2 years old p62KO 
mice. In addition, p62 deficiency proved to significantly reduce the pool of Osx+ cells in 
aged p62KO mice. These osteoprogenitor cells enhance microniches formation for B cell 
development, and, in line with results from Nestin+ cell analysis, this population was 
significantly decreased in 2 years old p62KO mice (Figure II.11A). Finally, OCN+ cells are 
mature osteolineage cells able to regulate T lineage development and regeneration 
(reviewed in Lacava et al. 2018). In line with the reduced number of bone stem and 
progenitor cells, OCN expression was strongly reduced in both 1 and 2 years old p62KO 
mice compared to their WT littermates.  
All together, immunohistochemical analysis revealed a strong reduction in all these three 
osteolineage bone marrow population in 1 year and 2 year old p62-/- mice, suggesting p62 
may be directly involved in mesenchymal/stromal stem cells, as well as indirectly involved 
in HSCs commitment and maturation.  
 

 
Figure II.11: p62 deficiency decreases osteolineage cell pools. Immunohistochemical analysis and 

quantification of Nestin+ (A), Osx+ (B) and OCN+ (C) in femur bone marrow from 6m, 1y and 2y old p62+/+ 
and p62-/- mice demonstrating a significant (p<0.05) decreased expression of all the above markers in aged 
p62KO mice groups. Note also the altered perivascular distribution of Nestin+ cells (A) Magnification: 20x 
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Given the important roles performed by these cell populations in niche homeostasis 
context, it became reasonable to wonder if alterations in their pool size could influence the 
release of CXCL12 and its receptor CXCR4. As deeply described in Section I, 
CXCL12/CXCR4 signaling within bone marrow is involved in numerous homeostatic 
features such as HSCs maintenance, hematopoietic chemotaxis and osteoclast recruitment 
within resorption pits. In this view, immunohistochemical analysis revealed not only a 
reduced expression, but also an altered perivascular distribution of CXCL12 in aging p62-
/- mice (Figure II.12A). These results were further supported by western blotting analysis 
of both CXCL12 ligand and CXCR4 receptor, whose expression levels were found to be 
significantly decreased in BMCs from aged p62KO groups, particularly evident in 2 years 
old group (Figure II.12B). 

 

 
Figure II.12: Aged p62-/- mice showed impaired CXCL12/CXCR4 signaling pathway. 

Immunohistochemical analysis and quantification of CXCL12+ cells in femur bone marrow from p62+/+ and 
p62-/- mice 6m, 1y and 2y old showing a significant (p<0.05) decreased expression and altered perivascular 
distribution of CXCL12 in aged p62KO mice (A). Western blotting analysis showing significantly (p<0.05) 

decreased CXCL12 and CXCR4 expressions in BMCs from aged p62-/- groups compared WT mice (B) 
Magnification: 20x 

 

The alterations in bone marrow populations and CXCL12/CXCR4 signaling observed in 
p62KO mice suggested that alterations could exist also in the expression levels of soluble 
mediators of bone marrow homeostasis. In this context, analysis of cytokines and 
chemokines secreted by cultured BMCs from all mice groups was performed. As shown in 
Figure II.13, a strong decrease in the main anti-inflammatory cytokines (such as IL-1ra and 
IL-10, Figure II.13B) has been observed in BMCs from 1 and 2 years old p62-/- mice, with 
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a concomitant upregulation in the same groups of the expression level of cytokines 
involved in inflammation, osteoclast activation and maturation, myeloid differentiation and 
HSCs proliferation and egression (Figure II.13A). 

 

 
Figure II.13: p62 deficiency triggers an inflammatory environment in bone marrow. Cytokine and 

chemokine analysis showing significant (p<0.05) increased pro-inflammatory (A) and decreased anti-
inflammatory (B) cytokines release from BMCs of aged p62-/- mice compared to WT littermates. 

 

In addition to the above-described alterations observed in case of p62 deficiency, an 
increased hemosiderin accumulation was observed in the aged p62-/- bone marrow (not 
detected in p62WT groups), particularly evident in the sub-metaphyseal region of 2years 
old p62-/- mice (figure II.14A). Previous findings indicated that iron overload is able to 
induce osteoclasts differentiation and to inhibit osteoblasts proliferation by catalyzing the 
generation of reactive oxygen species (ROS). 
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Figure II.14: Bone marrow from p62-/- showed hemosiderin accumulation and disruption of osteogenic 

pathways due to augmented ROS production. Hematoxylin and eosin staining showing brown-colored, 
closely packed hemosiderin granules particularly evident in 1y and 2y p62-/- mice (A). Magnification 20x. 

BMCs intracellular ROS production in p62+/+ and p62-/- of 6m, 1y and 2y old mice demonstrating 
increased ROS release in aged p62KO mice, particularly evident in 2y old p62-/- BMCs (B). Western blotting 
analysis showing significantly (p<0.05) decreased phospho Akt, Stat3 and phospho Erk expressions in BMCs 

from aged p62-/- groups compared WT mice (C).  

 
In light of this, ROS productions in BMCs have been measured, revealing (as shown in 
Figure II.14B) an increased ROS release from p62-/- BMCs compared to WT littermates. 
Accordingly, this increase was particularly evident in the 2 years old group.  

Notably, iron overload and ROS production proved on the one hand to trigger pre-
osteoblast apopotosis and on the other hand to inhibit Jak/Stat3 and PI3K/Akt signaling, 
important pathways for osteoblast differentiation (Ke et al. 2017, Cen et al. 2017). 
Moreover, by means of inhibition of Erk activation, ROS have been prove to support 
adipogenic differentiation, by increasing the CCAAT/enhancer binding protein β (C/EBPβ) 
and the PPARγ signaling in MSCs (Kanda et al. 2011, Kramer et al. 2015).  
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In line with this, western blotting analysis revealed a decreased Stat3, pAkt and pErk 
expression only in BMCs obtained from 1y and 2y old p62-/- mice, suggesting that p62 
deficiency could increases hemosiderin accumulation, ROS production, MSCs 
commitment toward adipogenesis and could disrupts osteoblast differentiation at least in 
part via Stat33 and pAkt signaling downregulation.  
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Chapter 4 

Conclusion 
 
 
 

p62, also known as sequestosome1/SQSTM1, is a multidomain scaffold protein 
participating in several cellular processes, including ubiquitin binding, autophagy and 
oxidative stress response, regulating so cell proliferation, cell death, immunity as well as 
inflammation. Apart from its role in these cellular processes, p62 has been found to play 
important, even if controversial, functions in bone metabolism. Indeed, if on the one hand 
it has been demonstrated that this protein, by binding TRAF6, is able to mediate osteoclast 
differentiation in response to RANKL/RANK signaling pathway (Duran et al. 2004), on 
the other hand Sabbieti et al. (2015) demonstrated that administration of a DNA plasmid 
coding for p62 protein in a mouse model of osteoporosis was able to counteract bone loss 
and to induce new bone formation. 

Although reports indicated an osteoanabolic role for p62 (Sabbieti et al. 2015, Zach et al. 
2018), not well-defined information is so far present in the literature regarding the function 
of this protein on osteoblast differentiation, since most of attention has been pointed on the 
involvement of p62 on osteoclastogenic process. Hence, the first objective of this study 
was to investigate the function of p62 in osteoblasts maturation and bone metabolism by 
using a p62 knock out mouse model.  

Consistently, we in vitro demonstrated that p62 overexpression increase the osteogenic 
activity of BMSCs, while inhibition of osteoblasts differentiation was found in p62 knock 
down and p62 KO BMSCs, suggesting that this protein is directly involved in 
osteogenesis. In addition, bone morphometry, bone mineral density and bone formation 
markers analyses of p62-/- mice tibia highlighted that important alterations arise in bone in 
case of p62 deficiency, characterized by decreased bone remodeling and increased bone 
mineral density due to increased bone tissue volume. These pathological modifications 
were suggestive of a reduction in the bone turnover rate.  

Considering that there are not, so far, available data regarding the effects of PTH on p62 
synthesis, we evaluated the ability of PTH to modulate p62 expression. Bearing in mind 
that PTH is one of the most important bone anabolic agents, we in vitro demonstrated that 
not only this hormone increased p62 protein synthesis in BMSCs, but also that lack of p62 
completely abrogates the osteogenic properties of PTH. Similarly, we evidenced that also 
the BMP2 was able to regulate p62 expression and that anabolic action of BMP2 was 
abrogated in lack of p62.  
In light of all the above results, clearly indicating an important role for p62 in bone 
metabolism, we questioned if the absence of this protein could affect bone marrow 
homeostasis in aged p62-/- mice. As expected, increased bone marrow adiposity with a 
concomitant decreased osteolineage cell populations and impaired CXCL12/CXCR4 
signaling have been observed in these animals, suggesting that p62 may be directly 
involved in mesenchymal/stromal stem cells, and indirectly involved in HSCs commitment 
and maturation. In addition, the observation of increased hemosiderin accumulation and 
ROS production in aged p62-/- mice bone marrow suggested that p62 deficiency could 
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disrupt MSCs commitment at least in part via Jak/STAT3 and PI3K/Akt signaling down-
regulation. 
Collectively, our studies further clarified the effects of p62 in bone metabolism, providing 
new insight of its direct involvement in osteogenic processes. Noteworthy, the observation 
that the effects of PTH and BMP2, both important anabolic agents in the clinical 
management of bone pathologies, were completely inhibited in case of p62 deficiency 
should be considered in order to ensure the effectiveness of these osteoanabolic treatments 
in patients affected by p62 mutations.  
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Chapter 1 

Introduction 
 
 
 
Interferons (IFNs) encompass a group of immunostimulatory proteins belonging to the 
cytokine superfamily, initially identified as molecules able to interfere with viral 
replication. According to their receptor specificity and sequence homology, components of 
the interferon family have been classified into type I, type II and type III IFNs (Tang et al. 
2018). Type III IFNs, including multiple IFN-λ subtypes, have been discovered more 
recently compared to the other IFN family members, and further studies are needed to 
completely elucidate their functions (Hermant &	Michiels 2014). The largest subgroup of 
IFNs, namely the type I IFNs, consist (among the others) of 14 to 20 IFN-α isoforms 
(according to the species), IFN-β, IFN-ω, and IFN-τ. All these structurally related proteins 
bind the same IFNAR receptor, an heterodimer composed of IFNAR1 and IFNAR2 chains. 
Finally, the only member of type II IFN is IFN-γ. This cytokine is structurally unrelated to 
other IFN types, binds different receptor and is encoded by a separate chromosomal locus. 
In the following section, our attention will be focused in this type II IFN. 

Originally, it was assumed that IFN-γ was secreted exclusively by CD4+ T helper type 1 
(Th1) cells, CD8+ cytotoxic lymphocytes and natural killer (NK) cells. Even if T and NK 
cells are still considered the major sources of IFN-γ, it has been later demonstrated that 
other cell populations are able to produce this cytokine, including B cells and antigen-
presenting cells (APCs, including dendritic cells, monocytes/macrophages and 
granulocytes). Notably, apart from the previously mentioned immune cells, also 
mesenchymal stem cells (MSCs) proved to modulate hematopoiesis by means of low-level 
IFN-γ secretion. 

Due to the large number of cells secreting this cytokine, IFN-γ production is an intricate, 
complex process, influenced by the inflammatory environment and the immune status. 
Once produced by APCs, IFN-γ acts locally to stimulate nearby cells as well as self-cell 
activation, and type II IFN secretion from these cells along with NK cells plays important 
role in early host defense against infection. Conversely, during adaptive immune response, 
IFN-γ demonstrated to be mainly produced by T lymphocytes. During innate immune 
response, recognition of pathogens by macrophages or dendritic cells triggers the secretion 
of chemokine (i.e., macrophage-inflammatory protein-1 – MIP- 1), along with interleukin 
(IL)-12 and IL-18 from these cells. MIP-1 attracts and recruits immune cells to the site of 
inflammation. Once in situ, IL-12 and IL-18 proved to up-regulate the synthesis of IFN-γ 
in macrophage, dendritic cells, NK cells, and Th1 cells. Notably, IFN-γ secretion by 
macrophages acts in an autocrine manner, further boosting its own production in these 
cells. Moreover, by means of cell-cell contact, MSCs stimulate the secretion of IFN-γ by 
activated NK cells. On the contrary, several factors, including IL-4, IL- 10, transforming 
growth factor-β (TGF-β) and glucocorticoids negatively regulate type II IFN expression. 
In addition to stimulate T cell differentiation and activation, several studies demonstrated 
that IFN-γ increases the expression of class I major histocompatibility complex (MHC), 
the key protein for immune response against intracellular pathogens. In this way, IFN-γ 
aids the recognition of antigenic peptides by cytotoxic T cells and promotes the cell-



	61	

mediated type of immune response. On the other hand, type II IFN is able to boost Th1 
immune response by up-regulating the expression of class II MHC in APCs and B cells 
(Schroder et al. 2004, Tang et al. 2018).  
As previously mentioned, the secretion and action of IFN-γ are influenced by MSCs, 
important cell in the bone and bone marrow contexts (see Section I). Accordingly, it is 
important to underline that a close relationship exists between immune system and bone 
(Pacifici 2010). As a matter of fact, immune cells are provided to inflamed tissues mainly 
by bone; in turn, the immune system is able to regulate bone homeostasis and bone 
remodeling process via pro- and anti-inflammatory mediators’ secretion. Moreover, bone 
tissue is extremely sensitive to inflammation and bone loss has been observed as a 
consequence of several chronic inflammatory diseases (reviewed in Agas et al. 2016). 

In line with these, IFN-γ proved to play important roles in bone metabolism. However, the 
function of this complex and multifaceted factor in this tissue has not been completely 
clarified. Both in vitro and in vivo studies showed conflicting results, demonstrating that 
this cytokine has both osteoanabolic and osteodestructive functions (these discrepancies 
may be probably due to different experimental and clinical conditions) (Agas et al. 2017). 
Indeed, if on the one hand IFN-γ increased the formation of osteoclasts in culture of 
peripheral blood from osteopetrotic patients (Madyastha et al. 2000), on the other hand this 
factor triggered the rapid degradation of TNF receptor–associated factor 6 (TRAF6), the 
adaptor protein involved in the RANKL-RANK signaling cascade, preventing so NF-κB 
activation and osteoclast differentiation (Takayanagi et al. 2002). Other studies further 
supported the anti-osteoclastogenic properties of IFN-γ, showing that this pro-
inflammatory cytokine enhance superoxide generation in osteoclasts, inhibiting in turn 
their activity and inducing preosteoclasts apoptosis (Yang et al. 2002, van’t Hof & Ralston 
1997). 
Similarly, in vivo results are also contradictory. Indeed, it was demonstrated that IFN-γ 
directly decreases osteoclast formation by targeting osteoclast precursors but indirectly 
stimulates osteoclast formation and promotes bone resorption by increasing antigen-
dependent T cell activation and T cell secretion of the osteoclastogenic cytokines RANKL 
and TNF-α. Notably, the same authors suggested that under conditions of estrogen 
deficiency, infection, and inflammation, the pro-resorptive effect of IFN-γ overwhelms the 
anti-osteoclastogenic activity, finally leading to bone resorption (Gao et al. 2007). The 
hypothesis that IFN-γ acts as an inducer of osteoclasts formation and bone resorption was 
further supported by the finding that silencing of IFN-γ receptor signaling protects mice 
from ovariectomy-induced bone loss (Cenci et al. 2003). On the contrary, other researchers 
claimed that mice knockout for IFN-γ receptor showed reduced bone mineral density and 
impaired osteoblastogenesis (Duque et al. 2009). Moreover, it was demonstrated that 
exogenous administration of IFN-γ was able to induce bone formation in sham-operated 
(SO) mice and rescued osteoporosis in ovariectomized (OVX) mice (Duque et al. 2011). 

Apart from its effects in bone tissue, IFN-γ proved to indirectly affect bone marrow 
microenvironment through regulation of hematopoietic stem cells (HSC). Indeed, 
intraperitoneal administration of IFN-γ supported hematopoiesis in OVX mice (Vidal et al. 
2012), while continuous IFN-γ signaling in chronic inflammation impaired HSCs self-
renewal (de Bruin et al. 2013). 
A schematic representation of part of the previously described IFN-γ effects in bone can be 
observed in Figure III.1. 
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Figure III.1: Partial effects of IFN-γ in bone. IFN-γ, produced by several immune cells (1), inhibits the 

differentiation of precursor cells into osteoclasts (2), inhibits proliferation and differentiation of these cells 
by increasing the degradation of TRAF6, and enhances the apoptosis of osteoclast precursors. At the same 
time this cytokine stimulate osteoclastogenesis by increasing the secretion of TNF-α and RANKL, the main 

osteoclastogenic factors, by T cells (3). Moreover, IFN-γ demonstrated osteogenic effects through the 
modulation of osteoblastogenesis (4). Figure from Tang et al. (2018). Interferon-Gamma-Mediated 

Osteoimmunology. Front. Immunol.,	9:1508. 

 
Most of the methodologies used to study the effects of INF-γ on bone have been performed 
using recombinant IFN-γ proteins. However, these protocols have the disadvantage of 
requiring high doses of the cytokine, potentially leading to side effects. Unlike 
recombinant protein-based therapy, gene therapy-based approaches have the advantages to 
be efficient at low doses and for extended periods of time.  

As the name suggests, gene therapy involves the transfer of genetic material into patient’s 
cells with the purpose of altering its function or molecular processes to improve a clinical 
outcome. For an efficient gene therapy, the cDNA coding for the protein of interest must 
be inserted into a vector, whose function is to transfer the genetic material into target cells 
or tissues. Once internalized, the gene of interest is transcribed and translated into protein, 
able at this point to exert therapeutic functions. Several types of vectors can be used for 
transfer of genetic material, being generally classified as non-viral (including for example 
plasmids) and viral vectors. Even if several modification have been introduced to decrease 
the pathogenicity of viruses while still retaining their ability to infect target cells, viral 
gene transfer often faces safety issues, such as immune activation (that in turn may 
decrease the efficiency of the procedure) and tumorigenesis due to integration in host 
genome. In light of these, non-viral vectors has been usually preferred for gene transfer 
purposes  (Im 2013). 
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Figure III.2: Direct and cell based gene delivery. In direct gene delivery (left) the recombinant gene is 

packaged into a vector and directly introduced in the host; conversely, ex vivo approaches (right) relies on 
the isolation of autologous cells, that are then transfected with the target gene and reintroduced in the 

patient. Figure from Collins et al. (2015). Gene therapy: progress and predictions. Proc. Biol. Sci., 
282:20143003 

 

As illustrated in Figure III.2, the recombinant gene can be transferred in the host by means 
of two different approaches: the in vivo (direct) and the ex vivo (cell-based) delivery. With 
the first procedure, a vector carrying the target gene is directly injected into the recipient 
patient, potentially transfecting a considerable number of host cells, that in turn will start 
the production of the recombinant protein. With the cell-based delivery instead, cells from 
the patient must be first isolated and then transfected in vitro. At this point, cells carrying 
the gene of interest must be reintroduced in the patient to obtain the therapeutic effects. As 
can be easily understood, the ex vivo methodology is an expensive and time-consuming 
procedure. Moreover, the selective delivery of the recombinant gene only to a specific cell 
population can be viewed as a potential drawback in case more generalized effects are 
needed (Im 2013).  
So far, gene therapy has been successfully used to test the effects of several osteoanabolic 
factors, such as bone morphogenetic proteins (BMPs), parathyroid hormone (PTH) and 
osteogenic transcription factors (Agas et al. 2017). Moreover, it is important to underline 
that during my master thesis, I participated in a gene therapy-based study on bone tissue: 
here, the function and the osteoanabolic effects of a protein involved in bone homeostasis, 
namely p62/SQSTM1, were evaluated in a mouse model of osteoporosis by means of 
administration of a DNA plasmid coding the previously mentioned protein. Results 
obtained with this gene therapy-based approach (i) helped to clarify the role of p62 in 
bone, (ii) proved that administration of this plasmid was able to counteract osteoporosis 
and to induce new bone regeneration, (iii) proved that administration of this plasmid was 
safe, without any relevant side effects, and (iv) demonstrated that the plasmid coding for 
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p62 was able to reach bone and bone marrow following intramuscular administration 
(Sabbieti et al. 2015). 
In light the results obtained with the plasmid encoding p62, it has been decided to apply a 
similar approach to those used by Sabbieti et al. in 2015 also with IFN-γ. Accordingly, in 
this section the effects of a plasmid coding for IFN-γ on bone and bone marrow have been 
evaluated both in healthy and osteoporotic mouse models, in order to understand if this 
alternative method of administration could (i) clarify the role of this cytokine on the 
previously mentioned tissues and (ii) could be used as an alternative therapeutic approach 
to promote bone regeneration. Even if plasmids coding for INF-γ have been deeply 
investigated as molecular adjuvants for DNA vaccines (Ishii et al. 1999, Kumar et al. 
2001, Kong et al. 2008) and as treatment for cancer (Ehtesham et al. 2002) demonstrating 
a good the safety profile, we highlighted the occurrence of a pathological scenario in bone 
and bone marrow of mice administered with IFNγ-encoding plasmid. 
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Chapter 2 

Materials and Methods 
 
 
 

DNA plasmids 
pSV2neo IFN-γ (pIFN-γ) plasmid was purchased from Addgene (Cambridge, MA, USA). 
IFN-γ ORF deleted pSV2neo plasmid served as vector control. Large-scale preparation of 
plasmids was carried out using EndoFree Plasmid Mega Kit (Qiagen).  

 
Animals  

Female Balb-c mice (Harlan Italy SrL, Correzzana, Milano, Italy) were used. Mice were 
kept in laminar-flow cage in a standardized environmental condition. Mice (9 weeks old) 
were randomized into three groups: unoperated (naïve, n= 18), sham-operated (SO, n = 18) 
and ovariectomized to induce osteopenia (OVX, n = 18). After 8 weeks, each group of 
mice was further divided into three subgroups. The subgroups were intramuscularly 
injected into the hind limb one per week for 3 weeks as follows: one subgroup of mice (n = 
6) received 100 µg of IFN-γ DNA in saline; the second subgroup of mice (n = 6) received 
100 µg pSV2 neo in saline; the third subgroup of mice (n = 6) received only saline. 2 
months after the last injection, all mice were anesthetized with isoflurane–air mixture to 
perform X-ray analysis. Immediately before killing, all mice were anesthetized and blood 
samples were collected, by cardiac puncture, to measure the level of seric cytokines. Then, 
all animals were killed by CO2 narcosis in accordance with the recommendation of the 
Italian Ethical Committee.  
 

X-ray analysis  
Anesthetized mice were positioned in dorsal recumbence, making sure that pelvis, femurs 
and tibias were included in radiographs. A portable X-ray generator (Gierth HF 80/15 plus 
ULTRA LEICH, Gierth X-Ray International GmbH, Riesa, Germany) mounted on a 
stative with focal distance of 60 cm was used; X-ray applied dose was 54 kV for a time of 
0.04s. Radiographs were acquired in DICOM format with Fujifilm FCR Capsule X 
(Fujifilm Corporation, Japan) and processed both with OsiriX (Pixmeo SARL, Berna, 
Switzerland) and ImageJ software. Bone mineral density (BMD) was evaluated on femurs, 
vertebrae and pelvis by OsiriX software. The areas selected and defined as the regions of 
interest (ROI) are the following: proximal and distal femoral epiphyses, fifth lumbar spine 
vertebra and first sacral spine vertebra (5600µm×7100µm); femoral diaphysis 
(3500µm×2400µm) and ilium (3500µm×2400µm). Subsequently, the DICOM images were 
converted with ImageJ into TIFF images and a 16-interval pseudo-color scale was applied 
to the gray scale. This scale starts from black pixels (value of zero), and increasing 
gradations of mineralization density are represented in 16 equal intervals by a pseudo-color 
scheme to white pixels (value of 255). Hence, distribution of pixels in the ROI was 
calculated and displayed as a histogram.  
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Histological and immunofluorescence analyses  

Spleen, lungs, heart and liver were collected from the above groups of mice immediately 
after sacrifice. Tissues were fixed in 4% paraformaldehyde (PFA) diluted in PBS for 72h at 
4°C and embedded with paraffin. Tissue sections, 5-10µm thick, were obtained by a 
microtome (Leica Reichert-Jung 2040) and stained with hematoxylin and eosin or with 
Gomori’s trichrome stains.  
Femurs, dissected from adhering tissues, were fixed in 4% paraformaldehyde (PFA), 
washed in PBS and decalcified in 14% EDTA solution (pH 7.1) at RT for 3 days under 
constant agitation and soaked in 30% sucrose overnight. Samples were embedded with 
Tissue-Tek OCT compound. Then, 12µm thick cross-sections of femurs were obtained by 
a rotatory -30°C air-dried microtome cryostat (Ames Cryostat Miles). Sections were 
stained with toluidine blue staining. Other sections were stained with freshly prepared Oil 
Red O. Osteoclasts were stained with Acid Phosphatase, Leukocyte (TRAP) kit (Sigma-
Aldrich, Milano, Italy) according to the manufacturer’s instructions. Slides were imaged 
using a Leica DM 2500 optical microscope. Quantification of the TRAP-stained area per 
0.3 x 0.3 mm2 under the growth plate of the proximal femur was performed using ImageJ 
software [National Institutes of Health (NIH)]. In addition, trichrome-stained sections were 
prepared to estimate the amount of myeloid and erythroid cell populations (Travlos 2006). 
Using a 100× objective lens, a count of differentiated and late phase of differentiation 
myeloid and erythroid cells was performed on 300 cells in 16 samples in each 
experimental group. All images were captured by a Leica DM 2500 light microscope.  

For immunofluorescence analyses, other femur sections, after permeabilization with 0.3% 
Triton X-100, were incubated with rabbit anti-Osterix (Santa Cruz Biotechnology, DBA) 
diluted 1:50 or with rabbit anti-CXCL12 (Abcam; Prodotti Gianni, Milano, Italy) diluted 
1:80 in PBS at RT. After rinsing, sections were incubated with chicken anti-rabbit IgG 
Alexa Fluor 488 conjugated (Molecular Probes; Invitrogen) diluted 1:100 in PBS. Control 
experiments were performed by omitting the appropriate primary antibodies or by 
neutralizing the primary antibodies with the relative blocking peptide. Slides were imaged 
using a Leica DM 2500 epifluorescence microscope.  

 
Total bone marrow cell (BMCs) and bone marrow stromal cell (BMSCs) cultures  

Long bones (femurs, tibiae and humeri) from the mice groups were dissected free of 
adhering tissue and the marrow cavity was flushed with DMEM medium. Total BMCs 
were cultured for 2 days in DMEM containing 10% heat- inactivated-fetal calf serum (HI-
FCS), penicillin and streptomycin (Invitrogen, Milano, Italy). Then, the culture medium 
was collected to study the release of cytokines and chemokines. Other BMC cells from the 
same mice groups were maintained in culture for 10 days to generate monolayers of 
adherent cells, referred as BMSCs.  
 

Cytokines and chemokines analysis  
The cytokine/chemokine profiles in supernatants of 2-day cultured BMCs population as 
well as in serum samples were assessed by using Mouse Cytokine Array Panel A kit (R&D 
Systems) according to the manufacturer’s instructions. Briefly, samples were incubated 
overnight on nitrocellulose membranes spotted with specific antibodies. 
Chemiluminescence detection produced signals (blots) directly proportional to the amount 
of cytokine bound. Immunoreactive dots were visualized using LiteAblot Turbo luminol 
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reagents and Hyperfilm-ECL film (EuroClone, Milano, Italy) and quantitated 
densitometrically using ImageJ software.  
 

Real-time PCR  
Total RNA was extracted in TRIZOL reagent (Invitrogen). cDNA was synthesized using 
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas, Thermo Fisher) 
according to manufacturer’s instructions. PCR primers are listed here:  

mouse Ocn Fw. 5′-TCT GAC CTC ACA GAT GCC AAG CCC-3′ and mouse Ocn Rev. 
5′-TAG GCG GTC TTC AAG CCA TAC TGG-3′;  

mouse Opn Fw. 5′-TCC CGG TGA AAG TGA CTG ATT CTG G-3′ and mouse Opn Rev. 
5′-TGG CTT TCA TTG GAA TTG CTT GGA AGA G-3′;  

mouse IFNγ Fw. 5′-TAT TTT AAC TCA AGT GGC ATA GAT GTG G-3′ and mouse 
IFNγ Rev. 5′-TGA CAT GAA AAT CCT GCA GAG CCA G-3′;  

mouse β-actin Fw. 5′-GGCTGTATTCCCCTCCATCG-3′ and mouse β-actin Rev. 5′-
CCAGTTGGTAACAATGCCATGT-3′.  

Real-time PCR was performed in three replicates of each sample using DyNAmo Flash 
SYBR Green qPCR Kit (Thermo Fisher) on a Stratagene Mx3000P; each reaction tube 
contained a total of 50ng cDNA into 20µL total reaction volume. The housekeeping gene 
actin was used as internal control to normalize the amount of target cDNA added to the 
reactions. Data are expressed as fold change of gene expression relative to empty vector 
injected mice.  

 
Western blotting  

Proteins from BMCs and BMSCs were extracted in cell lysis buffer (Cell Signaling, 
EuroClone, Milano, Italy) and the concentration was determined by BCA protein assay 
reagent (Pierce, EuroClone). Western blotting was performed as previously described in 
Sabbieti et al. 2010. Membranes were incubated with the following primary antibodies 
diluted in blocking buffer: rabbit anti-TNFα and rabbit anti-NF-κB (BioLegend, Microtech 
SrL, Napoli, Italy) both diluted 1:500; mouse anti-RANKL, rabbit anti-TRAF6, rabbit anti-
CXCL12 and rabbit anti-TGFβ (Abcam, Prodotti Gianni) all diluted 1:600; rabbit anti-
PPARγ (Santa Cruz Biotechnology, Inc. DBA) diluted 1:300 and rabbit anti-Osterix (Santa 
Cruz Biotechnology, DBA) diluted 1:300. After washing with PBS-T, blots were incubated 
horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG or with HRP-conjugated 
rabbit anti-mouse IgG (Cell Signaling, Euroclone Milano, Italy) both diluted 1:100000 in 
blocking solution for 1h at RT. Immunoreactive bands were visualized using LiteAblot 
Turbo luminol reagents and Hyperfilm-ECL film (EuroClone, Milano, Italy) according to 
the manufacturer’s instructions. To normalize the bands, filters were stripped and reprobed 
with a monoclonal anti-α-tubulin (Sigma-Aldrich). Band density was quantified 
densitometrically using ImageJ software.  

 
Statistical analysis  

All in vitro and in vivo data were expressed as a mean±standard error (S.E.). Two-way 
analysis of variance (ANOVA) was used to compare the variables induced by ovariectomy 
and treatments with the vector control (pSV2neo) and with pIFN-γ. Turkey test was used 
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in multiple comparisons among all groups. Data were presented as mean±S.E. Values of 
p<0.05 were considered significant.  
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Chapter 3 

Results and Discussion 
 
 
 
As first approach, X-ray analysis was performed to evaluate bone mineral density (BMD) 
in all mice groups. Given that no significant differences were observed between the naïve 
and the SO groups, as well as between saline and pSV2 neo mice groups, in the following 
section only results obtained from SO mice and from mice injected with pSV2 neo plasmid 
will be presented, as a representation of naïve and saline groups respectively.  

 
Figure III.3: OVX and administration of pINFγ significantly decreased BMD. X-ray images of mice 
lumbar and sacral vertebrae, pelvis and hind limbs (A) and quantification of BMD in femur proximal 

epiphysis, diaphysis and distal epiphysis (B) showing significantly (p<0.05) decreased BMD in (continue) 
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(continued) OVX mice compared to SO group. Quantification of BMD in femur proximal epiphysis, 
diaphysis, distal epiphysis, 5th lumbar and 1st sacral vertebra and ilium (C) in SO or OVX mice treated with 
pSV2 neo or with pINFγ plasmid showing statistically significant (p<0.05) effects of ovariectomy and pINFγ 

DNA, Small, green ellipses indicate the ROI. 

 
As expected, a strong reduction of BMD was observed in femur from OVX mice at the 
level of distal epiphysis, diaphysis and proximal epiphysis when compared to SO group 
(Figure III.3A, B).  

Moreover, administration of INF-γ DNA proved not only to decrease BMD in SO mice, 
but also to exacerbate bone loss in the OVX mice group, as clearly indicated by Figure 
III.3A, C, Figure III.4 and Table III.1. Notably, even if pIFN-γ-induced bone resorption 
was particularly severe in femur proximal and distal epiphysis and in femur diaphysis, a 
significant BMD decrease was also observed in both lumbar and sacral vertebrae and in 
ilia, suggesting that this plasmid (but not the control vector pSV2 neo) have widespread 
and indiscriminate effects on the skeleton. 
  

 
Figure III.4: Pseudo-color representations demonstrating demineralization in OVX and pINFγ-treated 

mice. Pseudo-color representations of the above X-ray images and histogram of grey levels frequency within 
subchondral bone ROI were prepared for easier visualization of demineralization in the OVX and (continue) 
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(continued) pINFγ-treated mouse groups. Lower bone mineral content: yellow and green; higher bone 
mineral content: red and purple. 

 

 SO + pINFγ OVX + pINFγ 
Proximal femoral epiphysis −6.06 (−18.71, −4.46) −29.51 (−43.47, −19.52) 

Distal femoral epiphysis −10.44 (−11.17, −9.89) −20.10 (−24.77, −17.14) 
Femoral diaphysis −7.63 (−13.08, −3.08) −17.25 (−29.29, −8.13) 

5th lumbar vertebra −2.98 (−0.08, −5.68) −7.37 (−7.42, −7.33) 
1th sacral vertebra −5.4 (1.34, −11.08) −6.75 (−6.88, −6.76) 

Ilium  −7.07 (−3, −10.56) −6.1 (−6.56, −5.64) 

Mean percent difference = (pINFγmean − pSV2neomean)/pSV2neomean × 100. 
Table III.1: Effects of pINFγ on BMD in SO and OVX mice. Values are expressed as mean percent 

difference between SO-pINFγ- treated and SO-pSV2neo-treated mice and between OVX- pINFγ-treated and 
OVX-pSV2neo-treated mice. p<0.05.  

 

The results obtained with X-ray analysis were further supported by histological studies of 
femurs from pINF-γ-treated mice. Toluidine blue-stained sections showed a clear 
osteopenic phenotype characterized by trabecular bone resorption (Figure III.5A) and 
cortical bone porosity (Figure III.5C) in both SO and OVX mice injected with pINF-γ 
DNA when compared to pSV2 neo-treated group. Remarkably, pINFγ administration in 
SO mice was able to significantly reduce the bone volume fraction (BV/TV) up to a value 
similar to those of OVX-pSV2 neo-injected mice. Consistently, OVX mice administered 
with pINFγ showed a BV/TV significantly lower when compared to all the other group of 
mice (Figure III.5B). Collectively, these results proved that administration of the plasmid 
coding for INF-γ disrupt bone homeostasis and trigger bone loss probably by increasing 
osteoclast activity. 
To confirm this hypothesis, femurs from all the mice groups were stained with TRAP. As 
shown in Figure III.5D, E, significantly increased osteoclast staining was observed in 
femur epiphysis following pINF-γ injection in both SO and OVX mice, the latter one 
displaying the largest area of osteolytic lesions.  
In addition, increased bone marrow adipocyte number at femur sub-metaphyseal region in 
pINFγ-treated mice (Figure III.5F, G) was observed, suggesting that administration of the 
plasmid might be also able to impair osteoblasts differentiation.  

As evident from Figure III.5H, the idea that pINF-γ triggers bone erosion by increasing 
osteoclast activity was further confirmed by molecular analysis of the expression levels of 
the master regulators of osteoclastogenesis in bone marrow cells (BMCs). Indeed, Western 
blotting analysis showed a significant up-regulation of RANKL and TNFα, along with an 
increased expression of TRAF6 and NF-κB after pINF-γ administration. In line with all the 
other results presented until now, the increase of all these markers was particularly 
significant in BMCs from pINF-γ-injected OVX mice. 
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Figure III.5: pINFγ administration triggers bone loss through promotion of osteoclastogenesis and 
adipogenesis. Representative reconstructions of toluidine blue stained sections of femur epiphysis (continue) 
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(continued) and metaphysis from SO and OVX mice treated with the pSV2neo or with pINF-γ DNA (A) and 
quantification BV/TV (B) showing significant (p<0.05) trabecular bone loss in pINF-γ-treated SO and OVX 
mice compared to controls. Representative toluidine blue stained sections of femur diaphysis from the same 

mice groups (C) showing porosity of cortical bone in the experimental groups. Representative TRAP staining 
(D) and quantification (E) of osteoclasts at femur epiphysis from SO mice and OVX mice showing 

significantly (p<0.05) increased osteoclast activity in mice treated with pINF-γ plasmid. Representative oil 
red staining of adipocytes (F) and toluidine blue stainining (G) of femur sub-metaphyseal area from SO and 
OVX mice demonstrating increased adipogenesis in the pIFN-γ-treated groups. Western blotting analysis of 

BMCs from SO and OVX mice (H) showing increased expression of TNF-α, NFκB, TRAF6 and RANKL 
following pINF-γ DNA administration. Magnifications: 20X (C, D, F, G). 

 
Analysis of cytokines and chemokines secreted BMCs in culture demonstrated an up-
regulation in the expression level of the main pro-inflammatory and osteoclastogenic 
cytokines (i.e. IL-1α, IL-1β, IL-6, IL-17, IL-27, G-CSF, GM-CSF), with a concomitant 
decrease in IL-1ra, IL-10 and CXCL12 (cytokines involved in down-regulation of 
inflammation and retention of HSCs) in the groups treated with the experimental plasmid 
(Figure III.6), indicating that pIFN-γ administration induced an inflammatory environment 
in bone marrow. Again, the most significant results were obtained in BMCs from OVX 
mice injected with IFN-γ DNA, suggesting that pINF-γ could synergistically cooperate 
with pro-inflammatory mediators secreted after ovariectomy. This, in turn, could worsen 
the osteopenic process in OVX mice through alteration of the MSCs osteoblastogenic 
differentiation.  

On the other hand, these results also indicated that administration of pIFN-γ could induce 
bone loss by enhancing osteoclast differentiation and maturation. Indeed, significantly 
increased secretion of IL-17 and IL-1 was observed in mice treated with pIFN-γ DNA. 
Bearing in mind that IL-17 stimulates osteoclastogenesis by increasing the release of 
RANKL from osteoblasts and osteocytes, and that IL-1 synergizes with TNFα (also found 
to be up-regulated in mice treated with pIFN-γ as shown in Figure III.5H) to increase bone 
resorption (Agas et al. 2017), it is possible that IFN-γ DNA enhanced the osteoclastogenic 
IL-17/IL-1/TNF signaling network, amplifying their bone catabolic action. 

It is important to underline that no statistically significant differences between all the 
animal groups were observed in serum as well as in all the other organs examined, 
suggesting that pathological effects of pINF-γ administration were bone- and to bone 
marrow-specific. 
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Figure III.6: pINF-γ sustains inflammatory molecules release. Cytokine and chemokine analysis showing 
significant (p<0.05) increased inflammatory/osteoclastogenic cytokines and decreased anti-inflammatory 
cytokines release from BMCs of pINF-γ-treated SO and OVX mice compared to control pSV2 neo-injected 

mice. 
 
The strong adipocyte accumulation observed in the bone marrow of mice treated with 
pINF-γ (Figure III.5F, G) suggested that, in addition to boosting the osteoclastogenic 
processes, this plasmid could be also able to disrupt the physiologic MSCs differentiation. 
In this regards, western blot analysis showed a significant increase in PPARγ levels with a 
concomitant down-regulation of Osx expression (Figure III.7A), confirming that the 
administration of this plasmid drove MSCs differentiation toward adipocytes at the 
expenses of osteoblasts. Accordingly, immunofluorescence analysis of femur sub-
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metaphyseal area demonstrated a significant decreased Osx+ population in all the animal 
groups injected with pINF-γ DNA, with result particularly evident in the OVX group 
(Figure III.7B).  

Moreover, as shown in Figure III.7C, Real Time-PCR on BMSCs from all the groups 
demonstrated that pINF-γ administration not only down-regulate the expression of 
osteocalcin (released by mature osteoblasts), but also increased osteopontin mRNA level. 
Importantly, given that it has been demonstrated that osteopontin is able to inhibit bone 
mineralization and to sustain inflammatory signals (Agas et al. 2017), these results further 
corroborate the pathologic scenario induced by pINF-γ administration. 
 

 
Figure III.7: MSCs commitment is impaired in pINFγ-treated mice. Western blotting analysis of BMSCs 
from SO and OVX mice showing increased level of PPARγ and decreased Osx expression (A) in pINF-γ-

treated mice when compared to control. Immunofluorescence analysis of femur sub-metaphyseal areas from 
SO and OVX mice demonstrating decreased Osx+ cells (B) following pINF-γ injection. Real Time-PCR 

analysis showing significantly (p<0.05) increased osteopontin and decreased osteocalcin mRNA (continue) 
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(continued) levels (C) in BMSs from pINF-γ-administered mice when compared to pSV2 neo-injected mice. 
TB: trabecular bone. Magnifications: 20X. 

Both osteoblasts and MSCs express the soluble stromal-cell-derived factor 1 (SDF1, also 
known as CXCL12), an important factor for bone marrow niche homeostasis that binds to 
its specific receptor C-X-C chemokine receptor type 4 (CXCR4), preventing HSCs 
mobilization and supporting maintenance of these cells (Sabbieti et al. 2018). Based on the 
ability of pINF-γ to disrupt the physiologic MSCs differentiation (Figure III.7), 
immunofluorescence as well as western blotting analyses were performed to evaluate if 
administration of this plasmid can interfere with the CXCL12/CXCR4 signaling. As 
highlighted in Figure III.4, pINF-γ administration down-regulated the release of CXCL12, 
implying that this plasmid could indirectly affect niche homeostasis. Accordingly, it was 
observed a strong down-regulation of this chemokine in BMSCs following pINF-γ 
administration (Figure III.8A) along with a general decrease in the CXCL12+ cell pool in 
femur sub-metaphysis from OVX and SO pINFγ-treated mice (Figure III.8B). Noteworthy, 
not only the number of this population was affected by INF-γ DNA, but also its 
localization, with CXCL12+ cells being redistributed away from the perivascular areas. 
Given that CXCL12/CXCR4 signaling within bone marrow is involved in numerous 
homeostatic features such as HSCs maintenance, hematopoietic chemotaxis and osteoclast 
recruitment within resorption pits (Sabbieti et al. 2018), it was reasonable to hypothesize 
that pINF-γ treatment could disrupt bone marrow niches. This hypothesis was further 
supported by the finding of decreased TGF-β levels in BMSCs from pINFγ-treated OVX 
and SO mice (Figure III.8C).   
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Figure III.8: pINF-γ-treated mice showed disrupted bone marrow microenvironment. Western blotting 

analysis of CXCL12 (A) and TGF-β (C) of BMSCs from SO and OVX mice showing decreased expression of 
both factors in mice treated with pINF-γ when compared to control. Immunofluorescence analysis in femur 

sub-metaphysis showing decreased number and altered perivascular distribution of CXCL12 (B) in 
experimental groups. Representative toluidine blue stained sections showing hypercellular areas (D) and 

significantly (p<0.05) increased myeloid and erythroid cells (E) in (continue) (continued) bone marrow from 
mice treated with the experimental plasmid. Representative toluidine blue stained sections of bone marrow 
from OVX and SO mice demonstrating alteration in blood vessels morphology (F) in pIFN-γ treated mice 

when compared to controls. Red cluster: central vein; arrows: nutrient arteries; asterisks: venous sinuses; 
TB: trabecular bone; magnifications: 20X (B, D); 100X (E). 

 

To further investigate the alterations induced by this plasmid in bone marrow niches, 
additional histological analyses were performed. As clearly indicated by Figure III.8D and 
E, bone marrow from pINF-γ-treated mice revealed the presence of hypercellular areas in 
both SO and OVX groups, accompanied by increased erythroid and myeloid cell number 
in SO-pINF-γ-injected mice. Importantly, OVX mice treated with pINF-γ have an 
increased myeloid/erythroid (M:E) ratio (i.e. myeloid cell number is increased) and this 
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result was in line with the observation that the expansion of granulopoietic cells is often 
associated with inflammatory environment (Agas et al. 2017). 
Finally, extended and flattened nutrient arteries were observed in SO-pINF-γ treated mice, 
while analysis of vessels in OVX-pINF-γ-treated mice revealed a thread-like appearance of 
the collecting venules (Figure III.8F). These results are supported by previous studies 
demonstrating that, as a consequence of an inflammatory environment in bone and bone 
marrow, trabecular bone loss and bone marrow adiposity could be accompanied by an 
altered number and morphology of sinus (reviewed in Agas et al. 2017).  
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Chapter 4 

Conclusion 
 
 
 

Interferon-γ (IFN-γ) is a potent immunostimulatory cytokine secreted by different immune 
system cell population, able to modulate T cell differentiation and to boost Th1 immune 
response. This pro-inflammatory cytokine is one of the most complex and multifaceted 
factor affecting bone homeostasis, whose function in this tissue has not been completely 
clarified. Indeed, both in vitro and in vivo studies yielded conflicting results, demonstrating 
that IFN-γ has both osteoanabolic and osteodestructive functions. However, the majority of 
the studies performed to elucidate the function of type II IFN in bone relied on 
recombinant protein techniques.  

Based on the results obtained in a previous work from Sabbieti et al. 2015, we decided to 
apply a similar gene therapy-based approach with this cytokine, with the aim to try to 
clarify its role in bone tissue and, in parallel, to evaluate the potential therapeutic effects of 
a plasmid coding for IFN-γ (pIFN-γ) in a mouse model of osteoporosis.  

Our results clearly indicated that administration of a plasmid encoding IFN-γ triggers bone 
loss and boost the inflammatory environment in SO, with results comparable to those 
obtained with untreated, osteoporotic mice. Moreover, administration of this plasmid to 
OVX mice further worsen the osteoporotic phenotype. In addition to stimulation of bone 
resorption, pIFN-γ treatment was also able to alter bone marrow homeostasis. Indeed, a 
significant adipocyte invasion was observed in bone marrow of both SO- and OVX-pIFN-
γ-injected mice, proving that this cytokine switched the MSCs differentiation process from 
osteoblastogenesis to adipogenic differentiation. Finally, as a consequence of the 
inflammatory environment induced by pIFN-γ treatment, several alteration in the bone 
marrow have been observed, proving that pIFN-γ injection not only induced bone 
resorption, but also affected bone marrow niche microenvironment.  
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Chapter 1 

Introduction 
 
 
 
1.1 Osteoarthritis  
 
Articular or hyaline cartilage is a highly specialized connective tissue consisting of 
chondrocytes embedded in the extracellular matrix (ECM) they synthesized. The main 
structural protein of this dense and highly organized ECM is type II collagen which, 
together with glycosaminoglycans (GAGs) such as hyaluronic acid and a variety of 
proteoglycans (GAGcontaining proteins directly linked to collagen type II), form a 
collagenous network capable of retaining high amount water, a crucial element to preserve 
the unique mechanical properties of this tissue (Figure IV.1) (Pap & Korb-Pap 2015). 
Indeed, hyaline cartilage, by providing a smooth and lubricated surface, prevents joints 
friction, dissipates mechanical stress and protects bones from excessive load and trauma. 
However, this tissue has a limited healing and repair potential due to the almost complete 
lack of nerves and blood vessels. In addition, articular cartilage is considered a postmitotic 
tissue with poor cell replication potential, and the loss of type II collagen is irreversible. As 
a consequence, even small and confined cartilage injuries can potentially degenerate and 
lead to pathological conditions such as osteoarthritis. (Andia & Abate  2014).  

 

 
Figure IV.1: Cartilage extracellular matrix. The extracellular matrix of cartilage consists of a collagenous 
network composed of collagen type II, proteoglycans, GAGs and water. Figure from Moreland (2003). Intra-
articular hyaluronan (hyaluronic acid) and hylans for the treatment of osteoarthritis: mechanism of action. 

Arthritis Res. Ther., 5(2):54-67 
 

Osteoarthritis is a degenerative joint disease characterized by progressive deterioration of 
hyaline cartilage, frequently affecting hands and weight bearing joints (i.e. hip, knee and 
intervertebral joints) (Bowman et al. 2018). As a consequence of cartilage degeneration, 
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fibrillation, fissures and ulcerations appear, progressively leading to disappearance of the 
full-thickness surface of joint. Moreover, hypertrophic bone alterations, such as osteophyte 
formation and subchondral plate thickening, are often observed in the end-stage of the 
disease (Lajeunesse et al. 2003). As a result, osteoarthritic patients experience severe and 
persistent pain, along with joint-instability, stiffness and reduced mobility. In addition, 
physical and/or mental co-morbidities are often correlated with the progression of the 
pathology. Apart from the physical disability, osteoarthritis induces a more general 
decrease of the quality of life, with the pathology compromising also the patient’s 
functional and social activities (Bowman et al. 2018).  

Among all the rheumatic diseases, osteoarthritis has the highest frequency and is also one 
of the most widespread chronic diseases (Puig-Junoy & Ruiz Zamora 2015). Even if 
osteoarthritis is a multifactorial disease associated with several risk factors, including joint 
injury, gender (female are more affected than male), obesity and genetics (Stannus et al. 
2010), aging plays a critical role for the onset of the pathology. Indeed, about 70% of 
individuals affected by osteoarthritis are aged 65 or more (Fakhari & Berkland 2013). In 
the past years, a rapid increase in the number of older people affected by this pathology has 
been observed, and this increase was particularly remarkable in developed countries 
(Greene & Loeser 2015). Taking into account the currently ongoing population ageing 
process, osteoarthritis is expected to become a rising public health problem, with enormous 
financial burden (Andia & Abate 2014). Even if aging remains the most prevalent risk 
factor, osteoarthritis is affecting an increasingly significant number of people in the active 
population due to the increased incidence of obesity and reduced physical activity (Puig-
Junoy & Ruiz Zamora 2015), suggesting that the number of people affected by this 
pathology will increase by about 50% over the next 20 years. Only in 2012, 250 million 
people worldwide were affected by knee osteoarthritis. Taking into account that 80% ca. of 
osteoarthritic patients have some degree of mobility reduction, 25% cannot perform daily 
activities and that 11% of patients need help with personal care while 14% of them require 
help with routine needs, the economic and social impacts of this pathology become 
evident. 

 

 
Figure IV.2: Costs associated to osteoarthritis. The total osteoarthritis cost consist in both direct (continue) 
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(continued) and indirect costs, as well as intangible costs. OA: osteoarthritis. Figure from Hunter et al. 
(2014). The individual and socioeconomic impact of osteoarthritis. Nat. Rev. Rheumatol., 10:437-441 

 

As shown in Figure IV.2, the high economic burden of osteoarthritis is a result of both 
direct and indirect costs. While direct costs are those for which expenditures are made, the 
majority of which consist of medical treatments, indirect costs represent lost resources, 
such as lost of productivity and early retirements. Moreover, intangible costs, including 
pain and reduced quality of life, should be taken into account (Hunter et al. 2014). 
Several studies showed that the total cost of this disease has been estimated to range from 
1% up to 2.5% of the gross national product in USA, Canada, UK, France and Australia 
(Hunter et al. 2014). For what concern Italy, the total economic burden of knee 
osteoarthritis has been calculated by Leardini et al. As shown in Table IV.1, the annual 
total costs (here indicated as social costs) of knee osteoarthritis, consisting in the sum of 
direct and indirect costs, had been estimated to be €2170 per osteoarthritic patient. 
Notably, it has been evidenced that while direct costs, consisting mainly of medical 
expenditures (hospitalization, diagnostics, visits, costs for therapy, etc.), accounts for €934 
per patient per year, indirect costs (lost of working days, informal care provided by care-
givers) demonstrated to be higher than the direct costs, accounting for €1236 per patient 
per year. This evidence indicated that, from a financial point of view, osteoarthritis is a 
pathology whose costs have an important impact not only for the patients themselves, but 
also for the whole society (Leardini et al. 2004).  

 

 
Table IV.1: Annual social costs per patient in Italy. Social costs consisting in the sum of direct and indirect 

costs according to socio-demographic and clinical features. Table from Leardini et al. (2004). Direct and 
indirect costs of osteoarthritis of the knee. Clin. Exp. Rheumatol., 22:699-706 

 
As previously described, several risk factors are involved in the onset of osteoarthritis, 
making this disease to be poorly understood. Recently, a senescent state of chondrocytes 
(also indicated as chondrosenescence) has been evidenced in this pathology, clarifying so 
the deterioration of chondrocyte function in the aging process (Bowman et al. 2018). Apart 
from chondrocytes senescence, osteoarthritis is characterized by the slow and constant 
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cartilage degradation. Indeed, the processes of cartilage matrix synthesis and degradation 
are regulated by several factors released from the synovium and chondrocytes, including 
cytokines, growth factors, aggrecanases, and matrix metalloproteinases (MMPs). Bearing 
in mind that these processes are also affected by aging, it can be easily understand how the 
delicate equilibrium between matrix synthesis and degradation is disturbed in osteoarthritic 
cartilage, leaning in favor of degradation (Figure IV.3).  
 

 
Figure IV.3: Factors regulating cartilage synthesis and degradation. In osteoarthritis, cartilage 

degradation exceeds cartilage synthesis. BMP: bone morphogenetic protein; bFGF: basic fibroblastic 
growth factor; IGF: insulin-like growth factor; IL: interleukine; MMP: matrix metalloproteinase;, PG: 

proteoglycan; TGF: transforming growth factor; TIMP: tissue inhibitor of metalloproteinases; TNF: tumor 
necrosis factor. Figure from Moreland (2003). Intra-articular hyaluronan (hyaluronic acid) and hylans for 

the treatment of osteoarthritis: mechanism of action. Arthritis Res. Ther., 5(2):54-67 
 

Moreover, osteoarthritis has been found to induce more general changes in cartilage 
extracellular matrix composition. Along with an increase in collagen turnover rate, both 
the size and concentration of hyaluronic acid are decreased, with a concomitant increase in 
water content. In addition, alterations in proteoglycans content and composition can be 
observed. Among the others, aggrecan is a crucial proteoglycan that binds hyaluronic acid, 
providing cartilage compressibility and elasticity. The loss of aggrecan from the cartilage 
matrix is one of the first pathophysiological changes observed in osteoarthritis. Indeed, 
with the onset of the disease, aggrecanases cleave and degrade this important proteoglycan, 
leading so to erosion of cartilage  (Moreland 2003).  
It is important to underline that osteoarthritis not only affects the articular cartilage, but 
also induce a more generalized degeneration of the whole joint structure including synovial 
membrane, subchondral bone and meniscus (Stannus et al. 2010). The synovial membrane 
(also called synovium), a specialized connective tissue lining the joint cavity, secretes the 
synovial fluid, a viscous liquid consisting of electrolytes, low molecular weight organic 
molecules and GAGs, such as hyaluronic acid (98%) and chondrotin-4-sulfate (2%). Due 
to its viscoelastic properties, the main function of synovial fluid is to reduce hyaline 
cartilage friction during movement. Importantly, given that synovial fluid viscoelasticity 
depends primarily on hyaluronic acid size and concentration, its reduction in both amount 
and molecular weight observed in osteoarthritis lead to decreased viscoelastic properties of 
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synovial fluid, that in turn trigger cartilage-cartilage contact and deterioration of the joint 
surface  (Fakhari & Berkland 2013). Moreover, synovitis (i.e., inflammation of synovial 
membrane) has found to be commonly associated with osteoarthritis and has been linked 
with a faster disease progression. This local inflammatory environment stimulates the 
infiltration of inflammatory cells in synovium, including macrophages and B and T 
lymphocytes. Once in synovium, these cells secrete inflammatory cytokines, such as 
interleukin (IL)-1, TNFα and IL-6, that in turn enhance cartilage degradation and disease 
progression, suggesting that a link exist between inflammation and pathogenesis of 
osteoarthritis (Stannus et al. 2010).  

The idea that inflammation and disease progression are strictly interconnected has been 
supported also by other studies demonstrating that the synthesis of inflammatory 
cytokines, like IL-1 and TNF-α,  and the expression of their receptors are enhanced in 
osteoarthritic chondrocytes and synovium. These cytokines are potent inducers of cartilage 
degradation and are able to  stimulate not only their own production, but also the 
production of other pro-inflammatory cytokines (i.e. IL-8, IL-6, RANTES, etc.) as well as 
proteases and prostaglandin E2 (PGE2), further sustaining the development and 
establishment of an inflammatory environment. Beside IL-1 and TNF-α, other 
inflammatory cytokines and chemokines overexpressed in osteoarthritis include IL-6, IL-8, 
IL-11, IL-17 and RANTES (regulated upon activation, normal T-cell expressed and 
secreted). In particular, RANTES overexpression has been found to increase the release of 
proteoglycans from cartilage, altering so the mechanical properties of this tissue.  

Further exacerbating cartilage degradation in osteoarthritis, the above-mentioned pro-
inflammatory cytokines stimulate the synthesis from chondrocytes of several MMPs 
(namely MMP-1, -2, -3, -8, -9, -13), a class of enzyme able to degrade structural proteins 
of the cartilage extracellular matrix. In addition, the expression levels of MMP enzyme 
inhibitors and extracellular matrix synthesis are also decrease, further supporting the 
progression of the disease.  
Another inflammatory mediator whose synthesis has been found to be increased in 
osteoarthritic cartilage as a consequence of IL-1 and TNF-α overexpression is nitric oxide. 
This biological mediator has been found to support cartilage degradation in several ways: it 
inhibits the synthesis of collagen and proteoglycans, enhances MMPs activity and 
increases chondrocyte apoptosis. Bearing in mind that chondrocytes do not have 
replication potential and that these cells are the only producers of matrix components, 
matrix production is reduced as a consequence of chondrocyte apoptosis. Moreover, due to 
the avascular nature of cartilage, apoptotic cells are not removed from the tissue. As a 
consequence, cellular products of apoptosis accumulate, leading to abnormal cartilage 
calcification and extracellular matrix degradation (Moreland 2003).  
As previously said, osteoarthritis is a pathology able to induce a generalized degeneration 
of the whole joint, including subchondral bone. In this context, it has been recently 
suggested that subchondral bone sclerosis could be a consequence of mechanical stress on 
weight-bearing joints that cause increased bone microfractures, leading to slow cartilage 
erosion concomitant to bone sclerosis progression. Alternatively, it has been proposed that 
subchondral bone degeneration is due to defective osteoblasts that deposit an abnormal, 
undermineralized collagen matrix, enhancing so the mechanical pressure on hyaline 
cartilage, that in turn leads to cartilage matrix degradation (Lajeunesse et al. 2003).  
Nowadays, no definitive cure is available for osteoarthritis and the treatment of this 
pathology relies mainly on physiotherapy to preserve joint mobility and on pain relief by 
means of topical treatments and analgesics, such as cyclooxygenase-2-specific inhibitors, 
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non-steroidal anti-inflammatory drugs (NSAID) and opioids. Even if NSAID proved to be 
effective in reducing pain, their long term usage is associated with potential dangerous 
local and systemic side effects. In addition, it is important to emphasize that these drugs 
are neither able to counteract the disease progression, nor to induce cartilage regeneration 
(Andia & Abate  2014, Fakhari & Berkland 2013, Bowman et al. 2018). Alternatively, in 
case these therapies prove to be inefficient, implantation of joint prostheses is necessary. 
However, they stay functional for a limited time-span, need revision surgery and require a 
highly invasive procedure for their implantation.  
Over the last decades, intra-articular injections of corticosteroids, hyaluronic acid and 
analgesics and anti-inflammatory drugs are commonly used as alternative therapeutic 
approach. Bearing in mind that osteoarthritis can affect only few joints but not others, the 
use of intra-articular injections has several advantages when compared to systemic delivery 
since the therapeutic agent of choice have only a local effect, minimizing so the risk of 
systemic side effects. However, in order to reduce the frequency of the treatment, the drug 
of choice should have a sufficient long-term action. Among the others, intra-articular 
injections of hyaluronic acid proved to be the most promising therapeutic agents, with 
good safety records and excellent and long-lasting effects (Barbucci et al. 2002, Bowman 
et al. 2018).  
In summary, the development of new therapies able not only to control clinical symptoms, 
but also to halt osteoarthritis progression and to stimulate joint repair is extremely 
important. Due to its ability to improve lubrication, to quench inflammation and to 
decrease cartilage degradation, hyaluronic acid is one the most promising and widely 
investigated therapeutic agent modify the catabolic microenvironment (Andia & Abate  
2014). Accordingly, next section will focus on the properties and the clinical use of this 
glycosaminoglycan. 
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1.2 Hyaluronic Acid  
 

Hyaluronic acid (HA), also known as hyaluronan, is a chondroprotective polymer naturally 
present in cartilage tissue and synovial fluid. This biopolymer is an unbranched GAG 
formed by repeated disaccharide subunits of N-acetyl-D-glucosamide and D-glucuronic 
acid (also called uronic acid) linked by β(1–3) and β(1–4) bonds, with a high molecular 
weight, ranging from 6500 to 10,900 kDa. Hyaluronic acid, produced by synoviocytes, 
fibroblasts, and chondrocytes, is the main component of synovial fluid, providing 
viscoelasticity to the fluid and allowing for an efficient and almost frictionless movement 
of articular joints. Moreover, due to its abundant negative charges, this biopolymer absorbs 
large amount of water, necessary for the proper generation as well as maintenance of 
synovial space through which cells move and signaling molecules diffuse to reach their 
targets (Fakhari & Berkland 2013, Elmorsy et al. 2014, Bowman et al. 2018, Andia & 
Abate  2014).  

Besides providing viscoelastic properties to synovial fluid, hyaluronic acid can also bind to 
several cell surface receptors, controlling so a number of important biological functions. 
Indeed, due to its pleiotropic signaling properties, this polymer is able to regulate cell 
adhesion and motility, as well as cell differentiation and proliferation. Moreover, high 
molecular weight hyaluronic acid (but not the low molecular weight degradation products 
in osteoarthritis) also proved to be a potent anti-angiogenic and anti-inflammatory factor, 
preventing infiltration of inflammatory cells into the joint space. By binding to RHAMM, 
hyaluronan is able to control cell motility, while interaction with ICAM-1 proved to 
influence the cell adhesion process (Fakhari & Berkland 2013). However, the predominant 
receptor for hyaluronic acid in the synovial fluid is the membrane glycoprotein CD44. By 
binding to this receptor on chondrocytes, hyaluronan is able not only to regulate 
chondrocyte proliferation, but also the extracellular matrix synthesis, supporting its 
protective role in healthy cartilage. Moreover, it is important to underline that decreased 
expression of CD44 has been observed in osteoarthritic cartilage and proved to be directly 
related to the disease progression (Moreland 2003, Andia & Abate  2014). In addition to all 
the previously described effects, hyaluronic acid enhances bone formation and 
mineralization. Even if this biopolymer is not osteoinductive per se, it may promotes the 
activity of growth factors important for the recruitment and commitment of mesenchymal 
stem cells, as well as for the mineralization of the newly synthesized osteoid matrix. The 
importance of hyaluronic acid for bone homeostasis is confirmed by the observation of 
sclerotic bone in osteoarthritis, in which enhanced osteoid matrix synthesis is not coupled 
with proper mineralization (Lajeunesse et al. 2003). 

Hyaluronan is a natural polymer synthesized and secreted by different cell types (including 
fibroblasts, keratinocytes and chondrocytes) by means of a highly controlled and 
continuous enzymatic process. Three enzymes, belonging to the same family of hyaluronan 
synthases (HAS, namely HAS1, HAS2, and HAS3), synthesize the large, linear polymer 
hyaluronic acid is composed of, through a process of chain extension in which alternating 
uronic acid and N-acetyl-D-glucosamine monosaccharides are added to the reducing end of 
the chain. Once the elongation process is completed, hyaluronan molecules consisting of 
10,000 or more disaccharide repeats are produced.  

Hyaluronic acid degradation can occur not only by means of enzymatic reactions, but also 
through non-enzymatic processes, such as thermal or shear stress. Moreover, this polymer 
can be degraded also via oxidation. Indeed, several reactive oxygen species (ROS), 
including superoxide anions, hydroxyl radicals and hypochlorides, induce hyaluronic acid 
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cleavage. Notably, an increase in ROS has been observed in osteoarthritis, suggesting their 
involvement in the disease progression may be due, at least in part, to increased hyaluronic 
acid degradation. For what concern enzymatic degradation, three types of enzymes 
(hyaluronidase, β-D-glucuronidase, and β-N-acetyl- hexosaminidase) are involved: while 
hyaluronidase has the function to degrade the high molecular weight polymer into smaller 
fragments (approximately 20kDa) through cleaving the β(1–4) linkages, the other two 
enzymes degrade the fragments by removing non-reducing terminal sugars (Fakhari & 
Berkland 2013). 
In the course of osteoarthritis progression, the concentration of endogenous hyaluronan 
decreases due to the impaired hyaluronan synthesis. In addition, inflammatory conditions, 
such as free radicals and increased pro-inflammatory cytokines levels (i.e. IL-1 and TNF-
α), trigger hyaluronic acid depolymerization from high molecular weight into lower 
molecular weight fragments. As a consequence, while the viscoelasticity and the 
mechanical properties of synovial fluid decrease, the mechanical stress to which cartilage 
is subjected increases, potentially leading to joint damage. Furthermore, it is important to 
underline that hyaluronan fragments have pro-angiogenic and pro-inflammatory effects, 
due to their ability to bind to Toll-like receptors (TLRs) expressed in macrophages and 
chondrocytes (Andia & Abate 2014, Bowman  et al. 2018, Moreland 2003). These 
receptors, belonging to the interleukin-1 receptor family, trigger a signaling cascade 
leading to activation of immune cells, including monocytes, macrophages and dendritic 
cells. In osteoarthritis, low molecular weight hyaluronic acid fragments, but not 
intermediate or high molecular weight polymers, are able to bind TLR-2 and TLR-4, 
activating so innate immune system and sustaining disease progression (Fakhari & 
Berkland 2013).  
Due to its biocompatibility, hydrophilicity and viscoelasticity, intra-articular injections of 
hyaluronan and hylans (cross-linked hyaluronic acid) have been commonly used as 
viscosupplementation treatment for osteoarthritis management to improve joint lubrication, 
to reduce pain and to modulate the inflammatory and catabolic microenvironment (Fakhari 
& Berkland 2013). Indeed, intra-articular injections of hyaluronic acid proved to enhance 
the synthesis of extracellular matrix proteins, supporting in this way the maintenance of 
cartilage thickness, area and surface smoothness. Moreover, administrations of this 
biopolymer not only reduce the motility of lymphocytes, but also decrease the production 
of several inflammatory mediators, including cytokines, proteases, ROS and 
prostaglandins. As a consequence, the balance between cell matrix synthesis and 
degradation is shifted away from degradation (Bowman et al. 2018, Moreland 2003). 
Beside its effects on synovial membrane and cartilage, hyaluronan intra-articular injections 
could be also effective for osteoarthritic subchondral bone: in vitro studies showed that in 
vitro hyaluronic acid treatment was able to inhibit the production of both PGE2 and IL-6 in 
osteoarthritic osteoblasts. Importantly, osteocalcin release from these osteoarthritic cells 
was significantly decreased after hyaluronan treatment. Osteocalcin, although indicating 
osteoblast activity, may also limit mineralization in osteoarthritic bone tissue. Bearing in 
mind that in vitro studies demonstrated a supraphysiological osteocalcin release 
osteoarthritic osteoblasts in vitro, and that undermineralized bone tissue is observed in vivo 
in osteoarthritis, it becomes reasonable to suppose that intra-articular injections of 
hyaluronic may not only improve osteoblast activity, but also have beneficial effects for 
subchondral bone tissue (Lajeunesse et al. 2003). 
Due to its efficacy and good safety profile (the most common side effect being local 
inflammation) (Moreland 2003), hyaluronic acid viscosupplementation as osteoarthritis 
treatment has been approved by FDA in 1997. Nowadays, several products such as 
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Hyalgan®, Supartz®, Orthovisc®, Synvisc®, and Euflexxa® are available, each being 
different in their method of production, molecular weight and number of doses required 
(Fakhari & Berkland 2013). However, due to the extremely rapid hyaluronic acid clearance 
in biological environments, all the hyaluronic acid-based viscosupplements now available 
on the market requires repeated injections, increasing in this way the cost of the treatment 
as well as the risk of local adverse effects Barbucci et al. 2002). In light of these, several 
hyaluronan cross-linking strategies have been widely investigated with the aim to reduce 
the administration number and to increase its residence time at the administration site. 
Among the others, hyaluronic acid cross-linking to hydrogels is one of the nost widely 
studied and most promising approach. 
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1.3 Hydrogel  
 

Hydrogels are a class of biocompatible biomaterials consisting of a network of physically 
and/or chemically cross-linked hydrophilic polymers of either natural or synthetic origin. 
Due to their hydrophilic nature, these biomaterial have the ability to retain large amounts 
of water, up to 100 times the dry polymer mass (Dubbini et al. 2015). Their high water 
content, along with their soft nature makes hydrogels similar to natural tissues, thereby 
emphasizing their applicability in medicine. Indeed, several hydrogels have been 
developed and studied for a wide range of biomedical and pharmaceutical applications, 
including contact lenses, tissue engineering, diagnostics, vascular prostheses and coating 
for catheters. In addition, due to their porous structure, hydrogels have the ability to 
encapsulate, protect and controllably release cells, proteins, hormones, drugs and nucleic 
acids (Vermonden et al. 2012). Bearing in mind that most systemically administered 
bioactive molecules not only undergo rapid clearance, but also may cause systemic side 
effects, the use of this biomaterial for the controlled and local release of drugs has been 
widely investigated (Censi  et al. 2010). 

However, preformed, macroscopic hydrogels need to be surgically administered, making 
its use rather inconvenient due to the high costs and invasiveness of the procedure. In order 
to overcome this problem, injectable hydrogels are receiving increasing attention due to 
their minimally invasive administration route. Indeed, the most important characteristic of 
in situ forming hydrogels is their ability to exist as viscous but still liquid polymer 
solutions prior to administration that turn into a viscoelastic system at the site of 
administration upon injection. These implemented hydrogels can be easily administered by 
means of injection, reducing so the costs and improving patient compliance. 

Injectable hydrogels are able to jellify thanks to chemical cross-linking, such as 
photopolymerization, click chemistry, Michael addition and native chemical ligation, or in 
response to external stimuli, such as temperature, pH or ionic strength. Among them, 
temperature has been the most widely studied. Temperature-responsive polymers 
characterized by lower critical solution temperature (LCST) behavior are soluble in 
aqueous solutions at low temperature and self-assemble above their cloud point (CP), 
being suitable as injectable materials if their CP is between room and body temperature. 
However, only few natural polymers have LCST behavior in the previously described 
range of temperatures, and their gelation temperature is generally above the body 
temperature. In order to overcome this limitation, chemical and physical modification can 
be used to lower the polymer gelation temperature (Vermonden et al. 2012).  
Another major drawback in the use of thermosensitive hydrogels is their limited 
mechanical strength and low stability due to swelling and subsequent dissolution of the 
polymers. To improve the gel strength and stability, chemical cross-linking methods, 
including photopolymerization or Michael addition reaction, have been introduced (Censi 
et al. 2010). The biggest part of polymerization reactions require the use of organic 
solvents or other toxic compounds, rendering its application unsuitable for in situ gelling 
systems since all traces of the unreacted compounds and solvents must be removed. 
Differently from the others, Michael addition reactions occur in aqueous medium, at room 
temperature, and at physiological pH, making its use convenient for the preparation of 
injectable hydrogels (Vermonden et al. 2012). 
In 2010, Censi and colleagues developed an injectable hydrogel based on (meth)acrylated 
triblock copolymers consisting of a central PEG chain flanked at both sides by copolymers 
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of PNIPAAm and poly(hydroxypropyl methacrylamide dilactate) (p(HPMAm-lac2)) that, 
when combined with thiolated hyaluronic acid, formed thermally responsive, 
biodegradable, non-shrinking hydrogels chemically cross-linked by Michael addition 
reaction. Due to their characteristics, this hydrogel system have several advantages, 
including stability at the injection site due to the rapid thermal gelling upon injection, 
structural stability due to Michael addition cross-linking, bio-compatibility and cell 
adhesion properties thanks to hyaluronan presence, biodegradability and flexibility (Censi 
et al. 2010). On the basis of this hydrogel, Dubbini et al. developed a dually cross-linked 
hydrogel network consisting of thermosensitive vinyl sulfone bearing p(HPMAm-lac1-2)-
PEG-p(HPMAm-lac1-2) triblock copolymers and thiol modified hyaluronic acid, that 
combined in aqueous solution at physiological conditions undergo immediate thermal 
gelation and simultaneous Michael addition cross-linking between vinyl sulfone and thiol 
groups. The modification with vinyl sulfone moieties in this implemented hydrogel proved 
to moderately decrease the cloud point of the triblock copolymer, inducing so a faster and 
more efficient formation of the chemical networks. In addition, in vitro cytocompatibility 
studies demonstrated the biocompatibility, safety and biodegradability of this injectable 
hydrogel (Dubbini et al. 2015). Subsequently, biodegradability as well as biocompatibility 
of the above hydrogel was demonstrated also in vivo. Indeed, complete hydrogel resorption 
was observed at day 20 following intra-muscular administration, while the only side effect 
observed was mild inflammation at the injection site. Importantly, no systemic and 
histopathological alterations were observed. Beside its safety and rheological profile, vinyl 
sulphone-bearing p(HPMAm-lac1–2)-PEG–p(HPMAm-lac1–2)/thiolated HA hydrogels 
demonstrated a potential anti-inflammatory effect due to the controlled release of 
hyaluronan as a hydrogel degradation product (Sabbieti et al. 2017).  
As deeply described in the previous sections, hyaluronic acid has an important 
chondroprotective role and is currently used as viscosupplementation therapy for 
osteoarthritis management. However, the major withdrawals for its use are the repeated 
injection numbers required as a consequence of its rapid clearance. In light of these, we 
evaluated the potential use of the previously described hybrid hyaluronan/ p(HPMAm-lac)-
PEG hydrogels as an alternative approach for treatment of osteoarthritis, demonstrating 
that the controlled and sustained release of hyaluronic acid from this matrix was able to 
promote cartilage regeneration in osteoarthritic mice. 
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Chapter 2 

Materials and Methods 
 
 
 
Materials 

Triblock copolymers with PEG as middle block and poly(HPMAm-lac1-2) as outer blocks 
were synthesized as previously described (Vermonden et al. 2006).  

 
Animals and Treatments 

Balb/c male mice (Harlan SrL, San Pietro al Natisone Udine, Italy) weighing between 25-
30 g were used. All the animal experiment protocols were approved by the Italian Ministry 
of Health, authorization n° 933/2016-PR. Mice were kept in laminar-flow cage in 
standardized environmental conditions. Food and water were supplied ad libitum. Mice (7-
9 weeks old) were randomized in two groups and were anesthetized by administration of 
4% isoflurane (induction) followed by 2% isoflurane (maintenance) in combination with a 
2:1 mixture of O2/N2O.  Then, mice were intra-articularly injected in the left knee with 
only in sterile physiological saline (n=6; G1: control group) or with collagenase from 
Clostridium histolyticum (10 mg) using a 26 gauge (26 G) needle (n=30; G2: experimental 
group) (van der Kraan et al. 1990).  

One week following collagenase administration, the two groups of mice were anesthetized 
with isoflurane-air mixture to perform X-ray analysis  (as better described below) to 
confirm that the treatment with collagenase was able to induce osteoarthritis. Then, the 
experimental group was further divided in five subgroups and, after receiving anesthesia, 
they were intradermal injected close to hind limb knee joint as follow: G2b (n = 6) was 
administered with 50 µl of only physiological saline; G2c (n = 6) was administered with 50 
µl control physically crosslinked hydrogel composed of 15% w/w VinylSulfTC_0 in saline 
and in the absence of hyaluronic acid (no HA); G2d, (n = 6) was administered with 50 µl 
chemically crosslinked hydrogel composed of 15% w/w VinylSulfTC_10 at a DS of 8% 
and 4.1% w/w thiolated hyaluronic acid at a DS of 56% in saline (HA 1x). G2e (n = 6) was 
administered with 50 µl chemically crosslinked hydrogel composed of 15% w/w 
VinylSulfTC_15 at a DS of 16% and 8.2% w/w thiolated hyaluronic acid at a DS of 56% 
in saline (HA2x). The groups G1 and G2a did not received any further treatment.  
Three weeks after the treatments, anesthetized mice were subjected to X-ray analysis and, 
immediately prior to be sacrificed, the anesthetized mice underwent blood samples 
collection, by cardiac puncture, to measure the level of seric cytokines. Then, all animals 
were sacrificed by CO2 narcosis under the supervision of authorized investigators. 
Anesthesia, X-ray and euthanasia were performed by accredited veterinarian physician 
involved in these studies. 
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ROI and quantitative X-ray analysis  

Anesthetized mice were positioned in dorsal recumbence, making sure that pelvis, femurs 
and tibias were included in radiographs. A portable X-ray generator (Gierth HF 80/15 plus 
ULTRA LEICH, Gierth X-Ray International GmbH, Germany) mounted on a stative with 
focal distance of 60 cm was used; X-ray applied dose was 54Kv for a time of 0,04 sec. 
Radiographs were acquired in DICOM format with Fujifilm FCR Capsule X (Fujifilm 
Corporation, Japan) and processed both with Osirix (Pixmeo SARL, Switzerland) and 
ImageJ  (http://rsb.info.nih.gov/ij/) software. Bone mineral density (BMD) was evaluated 
on femurs, vertebrae and pelvis by OsiriX software. The areas selected and defined as the 
region of interest (ROI) are the following: proximal and distal femoral epiphyses, fifth 
lumbar spine vertebra and first sacral spine vertebra (5600 mm x 7100 mm); femoral 
diaphysis (3500 mm x 2400 mm); ilium (3500 mm x 2400 mm). Subsequently, the 
DICOM images were converted with ImageJ into TIFF images and a 16 intervals pseudo-
color scale was applied to the grey scale. This scale starts from black pixels (value of zero) 
and increasing gradations of mineralization density are represented in 16 equal intervals by 
a pseudo-color scheme to white pixels (value of 255). Hence, distribution of pixels in the 
ROI was calculated and displayed as an histogram. 

 
Collection of blood samples 

Immediately before being sacrificed, mice were anaesthetized and blood samples were 
obtained by cardiac puncture. The following haematological parameters were analyzed 
within 12h of sample collection: erythrocytes (red blood cells, RBC), packed cell volume 
(PCV), haemoglobin (Hb), red cell distribution width (RDW), mean corpuscular volume 
(MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin 
concentration (MCHC), and total leukocytes, neutrophils, lymphocytes, monocytes, 
eosinophils, basophils and platelets (Cell Dyn 3500; Abbott, San Giovanni Teatino, Italy). 
 

Histological analysis  
Femurs, dissected from adhering tissues, were fixed in 4% PFA and bones were washed in 
PBS and decalcified in 14% EDTA solution (pH 7.1) at RT for 3 days under constant 
agitation. Samples, after dehydration, were embedded with paraffin. Tissue sections, 10-12 
mm thick, were obtained by a microtome (Leica Reichert-Jung 2040). Sections were 
stained with Safranin-O/fast green and graded for cartilage defect healing using a cartilage 
scoring previously described (Glasson et al. 2007). Briefly, each knee yielded 13e16 slides 
for scoring by two blinded observers using a modified semi-quantitative grading scale 8, 
where 0 represented normal cartilage; 0.5: loss of Safranin-O with no structural lesions; 1: 
roughened articular surface and small fibrillations; 2: fibrillation below the superficial 
layer and some loss of lamina; 3: fibrillations extending to the calcified cartilage across 
less than 20% of the cartilage width; 5: fibrillation and erosions extending from 20 to 80% 
of the cartilage width; 6: cartilage erosion extending beyond 80% of the cartilage width. 
Blinded histological scoring was performed on the four quadrants: medial and lateral 
femoral condyles and medial and lateral tibial plateaus. Results were expressed as the 
mean, ±standard error of the mean (S.E.M.), of the maximum score or as the sum of all 
scores. 
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Total bone marrow cell (BMCs) and bone marrow stromal cell (BMSCs) preparation 
and cultures 
Long bones (femurs, tibiae and humeri) from the above mice groups (not used for the 
histological analysis) were dissected free of adhering tissues. Epiphyses were removed and 
the marrow cavity was flushed. Total Bone Marrow Cells (BMCs) were cultured for 2 days 
in DMEM plus 10% heat-inactivated-fetal calf serum (HIFCS), penicillin, and 
streptomycin (Invitrogen, Milano, Italy). Then, culture medium and cells were collected to 
study the release of cytokines and chemokines and the pro-inflammatory in the cells lysate, 
respectively.  

Other BMCs cells from the same mice groups were maintained in culture for 10 days in 
order to generate monolayers of adherent cells (Bianco et al. 2013), referred as Bone 
Marrow Stromal Cells (BMSCs). 
 

Cytokines and chemokines assay 
The cytokine/chemokine profiles in supernatants of 2 days cultured BMCs population as 
well as in serum samples were assessed by using Mouse Cytokine Array Panel A kit (R&D 
Systems, Milano, Italy) accordingly to the manufacturer’s instructions. Briefly, culture 
supernatant (600µl) from each experimental group was incubated overnight on 
nitrocellulose membranes spotted with specific antibodies. Chemiluminescence detection 
produced signals (blots) directly proportional to the amount of cytokine bound. 
Immunoreactive dots were visualized using LiteAblot Turbo luminol reagents and 
Hyperfilm-ECL film (EuroClone, Milano, Italy) and quantitated densitometrically using 
ImageJ software.  

 
Western blotting 

Proteins from total BMCs and from BMSCs were extracted in Cell Lysis Buffer (Cell 
Signaling Euroclone, Milano, Italy) after 2 days of cultures and the concentration was 
determined by the BCA protein assay reagent (Pierce, Euroclone Milano, Italy). Western 
blotting was performed as previously described (Sabbieti et al. 2010). Membranes were 
immunoblotted in blocking buffer with specific antibodies: rabbit anti-TNFa and rabbit 
anti-NF-kB (BioLegend, Microtech SrL, Napoli, Italy) both diluted 1:500; mouse anti-
RANKL and rabbit anti-Runx-2 (Abcam, Prodotti Gianni, Milano, Italy) all diluted 1:600; 
rabbit anti-SOX-2 (Santa Cruz Biotechnology, Inc. DBA, Milano, Italy) diluted 1:300. 
After washing with PBS-T, blots were incubated with horseradish peroxidase (HRP)-
conjugated donkey anti-rabbit IgG (Cell Signaling, Euroclone Milano, Italy) both diluted 
1:50,000. Immunoreactive bands were visualized using LiteAblot Turbo luminol reagents 
(Euroclone, Milano, Italy) and Hyperfilm-ECL film (Euroclone, Milano, Italy) accordingly 
to the manufacturer’s instructions. To normalize the bands, filters were stripped and re 
probed with a monoclonal anti-α-tubulin (Sigma-Aldrich, Milano, Italy). Bands density 
was quantified densitometrically. 
 

Statistical analysis 
Statistical comparison were made using the Student’s t-test, with p<0.05 being considered 
significant. 
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Chapter 3 

Results and Discussion 
 
 
 
As first approach, X-ray analysis was performed to evaluate bone mineral density (BMD) 
of mice knee following saline (control group) or collagenase (osteoarthritic group) intra-
articular administration. As expected, a strong reduction of BMD was observed in joint of 
mice injected with collagenase when compared to control group, confirming so the 
establishment of pathology (Figure IV.4A). 

 

 
Figure IV.4: HA1x and HA2x hydrogel administrations significantly improved knee BMD. Pseudo-color 
representations of X-ray images and histogram of grey levels  frequency of mice knee showing (continue) 
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(continued) decreased BMD in collagenase-treated mice compared to saline-treated group (A). Pseudo-color 
representations of X-ray images and histogram of grey levels frequency of mice knee showing increased 

BMD following treatment with HA1x and HA2x hydrogel but not with saline or hydrogel alone (B). For both 
A and B, pseudo-color representations of X-ray images and histogram of grey levels frequency within 

subchondral bone ROI were prepared for easier visualization of demineralization. Lower bone mineral 
content: yellow and green; higher bone mineral content: red and purple. 

 
At this point, a number of osteoarthritic mice were left untreated, while others were 
intradermally injected with saline or hydrogel alone (as control groups), or with hydrogel 
containing 4.1% hyaluronic acid (HA1x) or 8.2% hyaluronic acid (HA2x) (see Chapter 2 
for details). Based on results obtained in the previous work (Sabbieti et al. 2017), mice 
from all animal groups were sacrificed at day 21 after hydrogel administration.  

As clearly visible in Figure IV.4B, X-ray analysis performed immediately prior the 
sacrifice revealed a significant increase in mice knee BMD following administration of 
HA1x and HA2x hydrogels, while no differences were observed in the saline and hydrogel 
control groups. The absence of remineralization in mice injected with hydrogel alone, 
together with the selective increase in BMD in response to administration of HA1x and 
HA2x hydrogels suggested that, as expected, (i) the biomaterial per se has no biological 
activity and (ii) that the release of hyaluronic acid from this scaffold was able to modulate 
the mineral content of bones. Notably, the increase in BMD was dose dependent: 
administration of HA2x hydrogel was significantly more effective in restoring bone 
mineralization when compared to HA1x, and the mineral content of mice injected with 
higher dose of hyaluronic acid was almost comparable to those of the healthy, control 
group.  

The results obtained with X-ray analysis were further supported by histological studies of 
articular cartilage from all the animal groups. When compared to saline control group 
(Figure IV.5A, G), collagenase administration induced a strong degeneration of hyaline 
cartilage (Figure IV.5B, G), with a significant loss of proteoglycan and 
glycosaminoglycans from the matrix, as clearly demonstrated by the decreased Safranin-O 
staining (Schmitz et al. 2010). Accordingly, the lack of a more intense staining following 
saline (Figure IV.5C, G) or hydrogel alone (Figure IV.5D, G) injections indicated that 
cartilage damages induced by osteoarthritis have not been counteracted in these mice 
groups.  
On the contrary, hyaluronic acid release from hydrogel in mice treated with HA1x or 
HA2x induced an increase in the proteoglycan and glycosaminoglycans content in the 
articular cartilage and so a partial repair of the tissue, as clearly indicated by the increased 
Safranin-O staining (Figure IV.E-G).  
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Figure IV.5: HA1x and HA2x hydrogel administrations promoted cartilage regeneration. Representative 
Safranin-O/fast green stained sections of knee joint from healthy (A) and osteoarthritic (B-F) mice showing 

cartilage repair following HA1x (E) and HA2x (F) hydrogel administration. Cartilage erosion scores for 
femoral and tibial surfaces of all experimental groups. Scores (mean±SD) shown with femoral condyles 

above and tibial plateaus. Each of the six experimental groups consisted of 6 animals (G). Magnification: 
20X (A-F) 

 
Next, expression levels of SOX9 and RUNX2 were evaluated in BMSCs from all mice 
groups by means of western blotting analysis. These markers are important transcription 
factors regulating the process of mesenchymal stem cells (MSCs) differentiation into 
chondroblasts. In particular, the production of type II collagen and aggrecan, important 
cartilage ECM components, has been found to be increased by SOX9 (Tsuchiya et al. 
2003), while RUNX2 proved to regulate the maturation of both chondroblasts and 
osteoblast (Sabbieti et al. 2009).  

As shown in Figure IV.6A, a strong down-regulation in both chondrogenic markers was 
observed following collagenase intra-articular injection. Importantly, the decreased 
synthesis of SOX9 and RUNX2 was completely rescued in mice treated with HA1x and 
HA2x hydrogels: here, the expression levels of both transcription factors were completely 
comparable to those of control mice intra-articularly injected with saline. 
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As previously described in Chapter 1, during the progression of osteoarthritis, synovitis 
may be commonly observed, with a concomitant increase in several pro-inflammatory 
cytokines, including TNF-α. In line with these finding, an increased level of TNF-α as well 
as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) were observed in 
BMSCs from osteoarthritic mice, along with an up-regulation of the main osteoclastogenic 
marker receptor activator of nuclear factor-κB ligand (RANKL) (Figure IV.6B). Notably, 
also in this case treatments with hyaluronic acid-bearing hydrogels were able to rescue this 
pathological scenario, in agreement with the notion that hyaluronan is able to exerts anti-
inflammatory effects. Moreover, down-regulation of RANKL production was observed 
following HA1x and HA2x administration, suggesting that hydrogels containing 
hyaluronic acid were also able to decrease osteoclasts maturation, contrasting in this way 
the risks of bone loss. 
 

 
Figure IV.6: Hyaluronan release promoted chondrogenesis in osteoarthritic mice. Western blotting 

analysis of BMSCs from mice collagenase-injected treated with hydrogel-hyaluronic acid compounds or with 
saline or hydrogel alone showing an increased expression of SOX9 and RUNX2 in mice treated with 

hydrogel complexed with hyaluronic acid (A) and a decreased expression of the 
inflammatory/osteoclastogenic marker TNF-α, NF-κB and RANKL in the same groups (B). p< 0.05 

 

Apart from TNF-α and NF-κB, other inflammatory mediators, such as IL-1, have been 
found to play a key role in the development and progression of synovial inflammation. 
Indeed, these cytokines not only up-regulate their own production, but also trigger the 
expression of other pro-inflammatory factors by synovial cells and chondrocytes, including 
IL-6, IL-8, MMPs and prostaglandins, boosting the inflammatory scenario and finally 
leading to hyaline cartilage degradation (Moreland 2003).  
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Figure IV.7: HA1x and HA2x hydrogel administrations quenched the osteoarthritis-induced 

inflammation. Cytokine analysis showing significantly (p<0.05) decreased inflammatory/osteoclastogenic 
cytokines expression in BMCs (A) and in serum (B) from mice injected with HA1x and HA2x hydrogel 

compared to those of osteoarthritic groups untreated or treated saline or hydrogel alone. 

 

In light of all the above considerations, cytokines expression analysis in serum and total 
BMCs from all the animal groups was performed. In agreement with literature, an 
overexpression of the main pro-inflammatory cytokines was observed following 
collagenase administration. Conversely, injection of hydrogels combined with hyaluronic 
acid decreased the secretion of these inflammatory mediators in both serum and BMCs, 
indicating that the controlled release of hyaluronic acid from this hydrogel allowed for a 
sustained anti-inflammatory effect (Figure IV.7).  
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Chapter 4 

Conclusions 
 
 
 
Osteoarthritis, a degenerative joint disease characterized by progressive deterioration of 
hyaline cartilage and subchondral bone, is one of the most common chronic diseases in 
people aged 65 or more. As a consequence of joint structure degradation, osteoarthritic 
patients experience severe and persistent pain. Nowadays, no definitive cure is available 
and the pathology management relies mainly on physiotherapy and pain relief.  
Currently, intra-articular injections of hyaluronic acid are one of the most promising 
therapeutic approaches. Hyaluronic acid is an important component of synovial fluid and 
cartilage, providing viscoelasticity to synovium and allowing for an efficient and almost 
frictionless movement of articular joints. Due to its efficacy and good safety profile, 
several hyaluronic acid-based products have been produced for intra-articular 
administration. However, due to the extremely rapid hyaluronic acid clearance in 
biological environments, these products requires repeated injections, increasing so both the 
cost of the treatment and the risk of local adverse effects. To overcome these drawbacks, 
several hyaluronan cross-linking strategies have been proposed, including the use of 
hydrogels as delivery systems. 
Previous study proved the biocompatibility and biodegradability of a (HPMAm-lac1-2)-
PEG-p(HPMAm-lac1-2)/thiolated hyaluronic acid hydrogels both in vitro and in vivo. In 
light of this, this section analyzed the effects of this hydrogel combined with lower and 
higher doses of hyaluronic acid (HA1x and HA2x respectively) on a mouse model of 
osteoarthritis. Our results demonstrated that the controlled and sustained release of 
hyaluronic acid from the hydrogels (through degradative processes) prolonged the 
exposure of osteoarthritic knee to this biopolymer, increasing so the efficiency of the 
treatment. Indeed, HA1x as well as HA2x hydrogels were able not only to restore knee 
BMD, but also to induce cartilage repair in osteoarthritic mice. Importantly, these effects 
have only been observed with hydrogels in combination with hyaluronic acid and proved 
to be dose-dependent, demonstrating that (i) the hydrogel itself does not possess any 
biological activity and (ii) that the release of hyaluronan from this matrix is able to 
counteract the pathology. In addition, hyaluronic acid-bearing hydrogels proved on the one 
hand to decrease the expression of the main pro-inflammatory cytokines, while on the 
other hand induced cartilage regeneration by inducing MSCs differentiation and 
maturation into chondroblasts.  

In conclusion, (HPMAm-lac1-2)-PEG-p(HPMAm-lac1-2)/thiolated hyaluronic acid 
hydrogels proved to be a promising delivery system for hyaluronic acid-based therapies in 
the treatment of osteoarthritis. 
 

 
 

 



	103	

 

Chapter 5 

References 
 
 
 
Andia I, Abate M (2014). Knee osteoarthritis: hyaluronic acid, platelet-rich plasma or both 
in association? Expert Opin. Biol. Ther., 14(5):635-649 

Barbucci R, Lamponi S, Borzacchiello A, Ambrosio L, Fini M, Torricelli P, Giardino R 
(2002). Hyaluronic acid hydrogel in the treatment of osteoarthritis. Biomaterials, 23:4503–
4513 

Bianco P, Cao X, Frenette PS, Mao JJ, Robey PG, Simmons PJ, Wang CY (2013). The 
meaning, the sense and the significance: Translating the science of mesenchymal stem 
cells into medicine. Nat. Med., 19: 35-42 

Bowman S, Awad M E, Hamrick M W, Hunter M, Fulzele S (2018). Recent advances in 
hyaluronic acid based therapy for osteoarthritis. Clin. Transl. Med., 7(1):6 

Burdick JA, Prestwich GD (2011). Hyaluronic Acid Hydrogels for Biomedical 
Applications. Adv. Mater., 23(12):H41-H56 

Censi R, Fieten PJ, di Martino P, Hennink WE, Vermonden T (2010). In Situ Forming 
Hydrogels by Tandem Thermal Gelling and Michael Addition Reaction between 
Thermosensitive Triblock Copolymers and Thiolated Hyaluronan. Macromolecules, 
43:5771-5778 

Dubbini A, Censi R, Butini ME, Sabbieti MG, Agas D, Vermonden T, Di Martino P 
(2015). Injectable hyaluronic acid/PEG-p(HPMAm-lac)-based hydrogels dually cross-
linked by thermal gelling and Michael addition as potential cell/drug carrier with tunable 
gelation kinetics, degradation and mechanical properties. Eur. Polym. J., 72:423-437 

Elmorsy S, Funakoshi T, Sasazawa F, Todoh M, Tadano S, Iwasaki N (2014). 
Chondroprotective effects of high-molecular-weight cross-linked hyaluronic acid in a 
rabbit knee osteoarthritis model. Osteoarthritis Cartilage, 22(1):121-127 

Fakhari A, Berkland C (2013). Applications and emerging trends of hyaluronic acid in 
tissue engineering, as a dermal filler and in osteoarthritis treatment. Acta Biomater., 
9(7):7081-7092 

Glasson SS, Blanchet TJ, Morris EA (2007). The surgical destabilization of the medial 
meniscus (DMM) model of osteoarthritis in the 129/SvEv mouse. Osteoarthritis and 
Cartilage, 15:1061-69 

Greene MA, Loeser RF (2015). Aging-related inflammation in osteoarthritis. Osteoarthritis 
Cartilage, 23:1966-1971 

Hunter DJ, Schofield D, Callander E (2014). The individual and socioeconomic impact of 
osteoarthritis. Nat. Rev. Rheumatol., 10:437-441 



	 104	

Lajeunesse D, Delalandre A, Martel-Pelletier J, Pelletier JP (2003). Hyaluronic acid 
reverses the abnormal synthetic activity of human osteoarthritic subchondral bone 
osteoblasts. Bone, 33(4):703-710 

Leardini G, Salaffi F, Caporali R, Canesi B, Rovati L, Montanelli R, Italian Group for 
Study of the Costs of Arthritis (2004). Direct and indirect costs of osteoarthritis of the 
knee. Clin. Exp. Rheumatol., 22:699-706 

Moreland LW (2003). Intra-articular hyaluronan (hyaluronic acid) and hylans for the 
treatment of osteoarthritis: mechanism of action. Arthritis Res. Ther., 5(2):54-67 

Pap T, Korb-Pap A (2015). Cartilage damage in osteoarthritis and rheumatoid arthritis–two 
unequal siblings. Nat. Rev. Rheumatol., 11(10):606-615 

Puig-Junoy J, Ruiz Zamora A (2015). Socio-economic costs of osteoarthritis: A systematic 
review of cost-of-illness studies. Semin. Arthritis Rheum., 44:531-541 

Sabbieti MG, Agas D, Marchetti L, Santoni G, Amantini C, Xiao L, Menghi G, Hurley 
MM (2010). Signaling pathways implicated in PGF2alpha effects on Fgf2+/+ and Fgf2-/- 
osteoblasts. J. Cell. Physiol., 224: 465-74 

Sabbieti MG, Agas D, Xiao L, Marchetti L, Coffin JD, Doetschman T, Hurley MM (2009). 
Endogenous FGF-2 is critically important in PTH anabolic effects on bone. J. Cell 
Physiol., 219:143-15  

Sabbieti MG, Dubbini A, Laus F, Paggi E, Marchegiani A, Capitani M, Marchetti L, Dini 
F, Vermonden T, Di Martino P, Agas D, Censi R (2017). In vivo biocompatibility of 
p(HPMAm-lac)-PEG hydrogels hybridized with hyaluronan. J. Tissue Eng. Regen. Med., 
11:3056-3067 

Schmitz N, Laverty S, Kraus VB, Aigner T (2010). Basic methods in histopathology of 
joint tissues. Osteoarthritis and Cartilage, 18: S113eS116 

Stannus O, Jones G, Cicuttini F, Parameswaran V, Quinn S, Burgess J, Ding C (2010). 
Circulating levels of IL-6 and TNF-a are associated with knee radiographic osteoarthritis 
and knee cartilage loss in older adults. Osteoarthritis Cartilage, 18:1441-1447 

Tsuchiya H, Kitoh H, Sugiura F, Ishiguro N (2003). Chondrogenesis enhanced by 
overexpression of sox9 gene in mouse bone marrow-derived mesenchymal stem cells. 
Biochem. Biophys. Res. Commun., 301:338-343 

van der Kraan PM, Vitters EL, van Beuningen HM, van de Putte LB, van den Berg  WB 
(1990). Degenerative knee joint lesions in mice after a single intra-articular collagenase 
injection. A new model of osteoarthritis. J. Exp. Pathol., 71:19-31 

Vermonden T, Besseling NAM, van Steenbergen MJ, Hennink WE (2006). Rheological 
Studies of Thermosensitive Triblock Copolymer Hydrogels. Langmuir 22:10180-10184  

Vermonden T, Censi R, Hennink WE (2012). Hydrogels for protein delivery. Chem. Rev., 
112(5):2853-2888 

 

 

 



	105	

 

Acknowledgments 
 
 
 
I would like to start by thanking my mentors, Prof. Maria Giovanna Sabbieti and Dr. 
Dimitrios Agas. Thank you for the time you have dedicated to me, for your teachings, 
inspiration, advice and patience. With you I grew from professional and human points of 
view, and I will always treasure the years spent with you. Actually, what I am owe to you. 

 
A special thanks goes to Prof. Eleni Douni for hosting me in her laboratory. This great 
experience gave me the possibility to largely improve my technical skills and to expand 
my scientific knowledge. 

 
Finally, I would like to thank Prof. Toru Yanagawa for kindly providing us with the p62 
knock out animal model and the morphometric and densitometric data related to the 
Section II. This thesis would not have been the same without your collaboration. 




