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1 The skeleton, much more than a scaffold

The skeleton is formed by bone and cartilage, functioning together to support
and protect vital organs, and provide the attachment for muscles and tendons
permitting locomotion. Bone also serves as mineral reservoir, participating in the
homeostasis of phosphate and calcium metabolism. In addition to these canonical
functions, the skeleton has also been recognized as an endocrine organ, modulating

the function of several organs (Figure I-1).

For instance, bone-derived fibroblast growth factor 23 (FGF23) acts together
with vitamin D and parathyroid hormone (PTH) defining a bone-kidney-gut axis, to
finely regulate serum calcium and phosphate concentrations. FGF23 and PTH
synergistically function in the kidney to suppress phosphate reabsorption, increasing
its excretion into urine. FGF23 also directly regulates and suppresses PTH secretion
by the parathyroid glands. Additionally, FGF23 reduces renal synthesis of vitamin D,
hence reducing gut absorption of calcium and phosphate. PTH and vitamin D further

work on bone cells to induce the expression of FGF23.!

Osteocalcin (OCN) is another versatile bone-derived hormone that regulates
different biological processes. OCN regulates energy metabolism by promoting B-cell
proliferation and enhancing insulin secretion in the pancreas, and by increasing
insulin sensitivity in adipose tissue, muscle and liver.? In testis, OCN directly
stimulates testosterone synthesis by Leydig cells, thus regulating fertility.
Additionally, Oury et al. demonstrated that OCN can cross the blood—brain barrier
and modulate the synthesis and activity of several neurotransmitters, leading to an
improvement in learning and memory skills. Maternal OCN crosses the placenta and

favours fetal brain development.3*
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Figure I-1. Bone as an endocrine organ. Bone-derived hormones FGF23 and osteocalcin act
on distant organs to control mineral homeostasis and energy balance. Parts of the figure were
drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License.

Bones are also closely associated with the immune system by hosting the bone
marrow (BM) niche. The BM niche is the primary site of hematopoietic stem cells
(HSCs) maintenance and haematopoiesis.> HSCs are in intimate contact with bone
cells, and this interaction is regulating the proliferative capacity and the
differentiation status of stem cells. Surprisingly, conditional ablation of osteoblasts,
severely altered haematopoiesis in mice, leading to a substantial decrease in the

number of HSCs, and lymphoid, erythroid, and myeloid progenitors cells in the BM.®

Within the BM there is also the marrow adipose tissue (MAT), which is
molecularly and functionally distinct from white, beige and brown adipose tissues.’

MAT regulates systemic metabolism, haematopoiesis and bone homeostasis.?
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Factors secreted by bone, BM cells and adipocytes reciprocally modulate the

differentiation and activity of the three tissues.’

1.1 Bone structure and orchestrators

Within bones, two types of bone tissue can be macroscopically distinguished
with different architecture: the cortical and the trabecular compartments. While the
cortical bone is dense and compact, the trabecular compartment is spongy and
porous, organized in a honeycomb-like network (Figure 1-2).1° The cortical bone is
mainly present in the outer surface of bones, whereas trabecular bone is found at
the epiphysis and metaphysis of long bones. Indeed, the proportion of cortical and

trabecular compartments present in each bone varies depending on the bone type.!

Trabecular bone Cortical bone

Epiphysis

Metahysis

Diaphysis

Figure I-2. Bone structure. Micro-computed tomography images showing the trabecular and
cortical compartments of murine bone. Parts of the figure were drawn by using pictures from
Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0
Unported License.

Bones are highly vascularized, receiving around 10%-15% of the resting
cardiac output.’> The bone’s vasculature is influencing the formation and

maintenance of the BM niche, while the microvasculature network is essential for
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oxygen and nutrient supply. This network also ensures the flow -in and -out of

hormones, making the endocrine function of bone possible.

Microscopically, the bone tissue consists of an extracellular mineralized matrix

and a cellular fraction, with osteoblasts, osteocytes and osteoclasts.

1.1.1 The extracellular matrix

The bone extracellular matrix (ECM) is composed by around 70% mineral
components, 25% organic components and 5% water. The percentage of these
components vary depending on age, sex and health conditions.® While the
mineralized portion of the ECM provide stiffness and hardness, the organic

components contribute to bone flexibility.**

Osteoblasts secrete large amounts of collagen fibrils and non-collagenous
proteins defining the osteoid or unmineralized matrix. 90% of the secreted fraction
is composed of type | collagen that form fibrils and fibers. Non-collagenous proteins,
such as proteoglycans, small integrin-binding ligand N-linked glycoproteins
(SIBLINGS), glycosylated proteins and y-carboxylated proteins, modulate the
aggregation of collagen fibrils and mineral deposition during the mineralization

process.’®

For osteoid mineralization, systemic ionic calcium and inorganic phosphate
are recruited to form hydroxyapatite (HA) crystals that deposit within the collagen
intrafibrillar and interfibrillar space. An auxiliary mechanism for bone mineralization
based on matrix vesicles was described. Osteoblasts-derived matrix vesicles carry
mineralization-promoting enzymes that increase the intravesicular levels of
inorganic phosphate, thus promoting its precipitation with ionic calcium to form HA
crystals. Mineral crystals formed inside the vesicles break the membrane to be

further deposited within the collagen fibers.®
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The degree of bone mineralization is measured as the content of calciumin a
certain volume and defines the bone mineral density (BMD), a parameter widely
used in the clinic to assess bone strength.!! Indeed, bone health depends on the
overall ECM structure and degree of mineralization, a process that is mostly
determined by the rate of bone turnover during bone remodelling. This is an intricate
process strictly regulated by ECM-cell and cell-cell interactions and systemic factors.
Such complexity deserves further description in the following chapters, starting with
the description of the master bone modulators: osteoblasts, osteocytes, and

osteoclasts.

1.1.2 Mesenchymal stem cells, fate determination

Mesenchymal stem cells (MSCs) are multipotent cells with potential to
differentiate into osteoblasts, adipocytes, chondrocytes, myocytes and fibroblasts.
Among these outcomes, differentiation to the osteoblastic and adipocyte lineages
are of great relevance to the maintenance of bone homeostasis. The association
between the degree of marrow adiposity and bone homeostasis was demonstrated

both in vitro and in vivo, in mice and humans.®7-2°

MSC differentiation into osteoblasts or adipocytes is competitively balanced.
Factors that favour adipocyte differentiation, actively inhibit osteoblastogenesis,
and vice-versa. Deletion of the master osteoblastic gene Runx2 in mice, led to low
bone mass and excessive MAT 2! . Conversely, a mice model mutant for the master

regulator of adipogenesis Pparg showed loss of MAT and high bone mass.?

Pathological conditions that shift MSC differentiation towards the adipocytic
lineage, directly impair bone homeostasis by altering bone remodeling.'®
Osteoporotic women with low BMD have greater MAT compared with age-matched
women with normal BMD. Also, MAT levels increase the risk of suffering fractures.?

2 MSCs isolated from osteoporotic patients are more committed towards the
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adipogenic lineage and exhibit increased adipocyte marker gene expression, when

compared with those from healthy subjects with normal bone mass.?®

Age-related bone loss in mice is also linked to increased MAT. Aged-mice and
mouse models of premature aging exhibit increased fatty bone marrow and MSCs
with increased expression of adipogenic genes and decreased expression of
osteoblastic markers.?® Finally, health conditions where there is an increased MAT,
such as diabetes and obesity, concomitantly show reduced bone mass.? In a diet-
induced obesity mice model, Cao et al. demonstrated an increased osteoclastic bone
resorption, leading to bone loss, thus demonstrating that MAT impacts on bone
homeostasis not only by regulating osteoblastogenesis, but also by directly inducing

osteoclast function.?®

Therefore, the inevitable impact of marrow adiposity on bone homeostasis
and the common origin of both adipocytes and osteoblasts, propel bone researchers

to unavoidably contemplate MAT.

Becoming an adipocyte

Extracellular factors that promote adipogenesis, such as insulin and insulin-
like growth factor, glucocorticoids and free fatty acids, signal the expression of key
adipogenic transcription factors in uncommitted MSCs, most notably peroxisome
proliferator activated receptor-y (PPARy) and several members of the

CCAAT/enhancer-binding family of proteins (C/EBPs) (Figure 1-3).%8

Both PPARy and C/EBPa cooperate in the induction of genes involved in
adipocyte maturation and function including genes essential in lipid metabolism such
as: fatty acid synthase (Fasn), hormone-sensitive lipase (Lipe), and patatin like

phospholipase domain containing 2 (Pnpla2).”®
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Figure I-3. Fate determination of mesenchymal stem cells: adipocytes or osteoblasts?
Figure representing the master adipogenic and osteogenic regulators and resulting target
genes defining each cell type.

Becoming an osteoblast

Osteoblasts comprise 5% of all bone cells and are the bone-building cells,
responsible for the secretion and deposition of organic fraction of the ECM and its

subsequent mineralization.?

A wide variety of cell-cell, ECM-cell and hormones signal into MSCs to induce
osteogenic pathways such as the transforming growth factor-beta (TGF-B)/bone
morphogenic protein (BMP) and the Wnt signalling pathways. Both pathways induce
the expression of the master regulator of osteoblast differentiation, the Runt domain
transcription factor-2 (Runx2) and promote RUNX2-mediated transcriptional

regulation of osteoblastic genes (Figure 1-3).°

The relevance of RUNX2 during osteogenesis was demonstrated by human
and murine inactivating mutations. The Runx2” mice, die just after birth without
breathing, due to a complete lack of ossification.3! In humans, about 200 mutations
in the gene RUNX2 have been identified to cause cleidocranial dysplasia, a rare
autosomal dominant skeletal dysplasia characterized by delayed closure of cranial

sutures, short stature and dental anomalies.3? Conversely, overexpression of Runx2
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in human adipose-derived MSCs triggers the osteoblastogenic program by inducing

the expression of osteogenic differentiation markers (Osx, Collal, Alpl and Ocn).?

Osx is a transcription factor highly expressed in osteoblasts, that is essential
for the differentiation of preosteoblasts into fully functioning osteoblasts.
Expression of Osx in Runx2-expressing precursors induces these cells to differentiate
into mature and functional osteoblasts, expressing high levels of markers including
Collal, Alpl and Ocn.?* OSX can directly bind to and transcriptionally modulate the
expression of the target genes, however the direct interaction with Runx2 promotes

coordinated and synergistic effects.®®

As bone-building cells, osteoblasts express high levels of Collal, the gene
encoding the pro-alpha-1 chain of collagen type I. Type | collagen corresponds to the
major fraction of the ECM, modulates HA deposition and mineralization and, by
binding integrins, cytokines and growth factors modulate the differentiation and
function of osteoblasts, osteocytes and osteoclasts, thus unavoidably impacting on

bone homeostasis.>®

The gene alkaline phosphatase (Alpl) encodes for a glycosylated ectoenyme
tethered in the membrane of osteoblasts, that hydrolyzes inorganic pyrophosphate
(PPi) into inorganic phosphate (Pi). PPi is a potent mineralization inhibitor by binding
to HA crystals and avoiding deposition and formation of more crystals.3” Therefore,
ALPL-induced PPi cleavage, contributes to bone strength by reducing the levels of
the inhibitor and generating Pi that together with calcium ions, promotes HA

formation and matrix mineralization.

The lifespan of osteoblasts can be as short as few days and as long as 3 months,
depending on the ratio of pro- and anti- osteoblastic signals. Mature osteoblasts can
further undergo apoptosis, become bone lining cells or differentiate into osteocytes,
however the mechanisms defining each fate remain elusive.®® The study of bone

lining cells characteristics and functions was historically not attractive as these cells

10
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were described as inactive quiescent elongated cells on the bone surface. More
recently, bone lining cells were found to regulate the formation of a protective
canopy during bone remodelling and to have the potential to be further activated in

matrix-forming osteoblasts.®

1.1.3 The amazing osteocyte

Mature osteoblasts can further differentiate into osteocytes. Osteocytes
account for 90-95% of bone-cells and are the most long-lived cells in bone with a life
span of up to 25 years.3® Firstly, considered as quiescent bystander cells in bone,
osteocytes are now known to orchestrate bone remodelling and to function as an

endocrine cell.*°

The terminal differentiation of osteoblasts into osteocytes was thought to be
simply a passive process, where matrix-secreted osteoblasts get surrounded and
trapped within the mineralized matrix. Currently, more is known about
osteocytogenesis, and several researchers demonstrated that this is indeed an active

phenomenon.*™3

The active migration of osteoblasts into the matrix and consequent reduction
of oxygen and nutrient supply within the mineralized ECM, promote osteoblast-to-
osteocyte transition, in a process where osteoblasts undergo profound structural
and functional changes. During this transition, osteoblasts experience morphological
remodelling, switching from a rounded to a dendritic morphology, and a reduction
in the size of the endoplasmic reticulum and Golgi apparatus, revealing a decrease
in protein synthesis and secretion. Progression into osteocytogenesis, leads to a
downregulation of the osteoblastic markers Collal, Alpl and Ocn and upregulation

of osteocytic markers Dkk1, Sost, Dmp1, and Mepe (Figure 1-4).38

11
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Figure I-4. Osteocytogenesis. Osteocytic gene markers and morphological changes

Bone matrix

experienced by osteoblasts in the active process of matrix embedding during osteocytic
differentiation.

The gene Dkk1 encodes for a secreted protein, that interacts with the Wnt co-
receptor LRP6, eventually leading to the internalization and degradation of the
receptor and consequent signalling blockade. Osteocytes are also the major
producers of sclerostin (SOST), a secreted glycoprotein that binds to the extracellular
domain of the coreceptors LRP5 and LRP6 thus disrupting Wnt-induced Frizzled-LRP
complex formation.* Therefore, both DKK1 and SOST inhibit B-catenin-dependent

Whnt signalling.

As the Wnt-signalling pathway promotes osteoblast differentiation, SOST and
DKK1 are the main negative regulators of osteoblastogenesis. Consistently,
transgenic overexpression of SOST or DKK1 led to osteopenia, while Sost”" mice, had
enhanced bone mass and strength.3®% In humans, loss-of-function mutations in
SOST or in regulatory sequences, cause two rare autosomal recessive disorders:
sclerosteosis and van Buchem disease. Both disorders are characterized by
osteoblast hyperactivity, with consequent bone overgrow leading to very dense

bones that can be 3-4 times heavier than a normal skeleton.*

12
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Sensing and communicating

Osteocytes are surrounded by ECM within spaces called lacunae. Although
surrounded by the mineralized matrix, osteocytes are not isolated and possess up to
50 branched cellular processes, within narrow tunnels called canaliculi that

interconnect osteocytes, forming the lacuna-canalicular system (LCS) (Figure I-5).38

Lacuno-canalicular system

— Fluid flow

~ Gap junctions

Bone matrix

/

Pericellular fluid

Figure I-5. Osteocytic lacuna-canalicular system. Osteocytes are bathed by a pericellular
fluid and connected through gap junctions enabling the sensing and communication of
mechanical and biochemical signals.

Mature osteocytes regulate the ECM mineralization and LCS structure, mainly
through the secretion of DMP1 and MEPE. Both play essential role in osteocyte
health, by maintaining the integrity and stiffness of the LCS and consequently

protecting osteocytes from apoptosis.'

Within the LCS, osteocytes are tightly connected through connexins allowing
the direct communication between cells. Osteocytes are bathed in pericellular fluid
that flows through the LCS and form a sensing and communication network, where
osteocytes can sense and transfer the mechanical stimuli to the surrounding cells.

Some osteocytes extend their dendritic processes directly interacting with

13
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osteoblasts, with vascular cells or going further within the marrow space, enabling

the paracrine and endocrine functions of osteocytes.34

Within this communication network, osteocytes sense chemical signals, such
as PTH and vitamin D to modulate the expression and secretion of the main

osteocytic endocrine factors, FGF23 and OCN.*°

Importantly, the osteocyte network is considered a mechanosensory and
mechanotransduction system in bone, where physical forces are converted into
biochemical sighals.*® This was demonstrated in experiments performed by Tatsumi
and colleagues, where mice lacking osteocytes had defective mechanotransduction

signalling and were resistant to unloading-induced bone loss.*

Shear stress due to mechanical deformation of the osteocyte membrane is
essential for inducing osteocytogenesis and promoting osteocyte survival.®
Compressive loading promotes expression of osteocytic markers, while lack of
mechanical stimulation increase osteocyte apoptosis.’**2 This is also evident in
reduced gravity during space flight and reduced loading in prolonged bed rest, where
the skeleton is the most affected organ and invariably associated with bone loss. On
the contrary, in professional athletes, the high load applied to the skeleton results in
stronger and larger bones.>® These evidences reveal the dynamic process of bone
adaptation to different mechanical demands, being osteocytes the main

orchestrators.

14
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1.1.4 The giant osteoclast

Osteoclasts are multinucleated giant cells that degrade and resorb the ECM,

on a crucial process that impact on bone mass density and strength.>*

Conversely to osteoblasts that arise from the mesenchymal lineage,
osteoclasts derive from the hematopoietic lineage, specifically from the
monocyte/macrophage branch.”®> The hematopoietic origin of osteoclasts was
demonstrated experimentally, as transplantation of bone marrow from control mice

into osteoclast-deficient mice restored bone resorption in vivo.*®

The hematopoietic transcription factor PU.1, mediates the commitment of
multipotent progenitors into myeloid precursors and induces the expression of both
M-CSF receptor (M-CSFR) and RANKL receptor (RANK) in these cells. M-CSF
signalling, promotes differentiation of myeloid precursors into monocytes, and
induces proliferation and survival of these cells.>”*>® Additionally, M-CSF promote the
expression of RANK amplifying the ability of monocytes to respond to RANKL.> Both
M-CSF and RANKL participate in monocyte migration into bone and initiate

osteoclastogenic differentiation program (Figure 1-6).

Monocytes extravasation from the bloodstream or directly from the bone
marrow into bone, is a critical step for osteoclastogenesis. Using intra-vital two
photon imaging, Ishii et al. elegantly demonstrated how inducing monocyte bone
homing, leads to bone loss in mice.®® Monocytes homing is regulated by osteoblasts,
osteocytes and endothelial cells-mediated secretion of the chemotactic factors,

including RANKL, M-CSF1 and monocyte chemoattractant protein-1 (MCP-1).%

15
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The master regulators: M-CSF and RANKL.

Macrophage colony-stimulating factor (M-CSF or CSF1) is a cytokine that
interacts with its receptor CSF1R, in monocytes, macrophages and osteoclasts. M-
CSF is mainly expressed by osteoblasts and osteocytes and can be secreted or be
membrane-bound, thus allowing for paracrine or direct cell-cell interactions.
CSF1/CSF1R interaction induces the extracellular-signal regulated kinase (ERK1/2)
signalling pathway that finally induces the expression of RANK and potentiates
RANKL effects.>® Csf17- mice had a reduced number of circulating monocytes and
completely lacked osteoclasts. In this case, as bone matrix cannot be degraded, old

ECM accumulates without renewal, causing an osteopetrotic phenotype. &

Osteopetrosis, literally “stone bone”, is a family of rare hereditary bone
diseases characterized by overly dense bones, due to mutations in genes that are
important for osteoclastogenesis or osteoclast function. Patients have large and
misshaped bones that can overgrow, compress nerves and even reduce the bone-

marrow cavity, resulting in extramedullary hematopoiesis.®

The receptor for activation of nuclear factor kappa B (NF-kB) ligand (RANKL),
is encoded by the gene TNFSF11, highly expressed in cells of the mesenchymal
lineage. Like M-CSF, osteoblasts and osteocytes can signal through membrane-
tethered or secreted RANKL. RANKL is essential for inducing osteoclast
differentiation, cell-fusion and multinucleation, and function of mature
osteoclasts.®* RANKL interacts with its receptor RANK (encoded by TNFRSF11A) in
monocytes, macrophages, and mature osteoclasts, thus highlighting the
dependence of RANKL/RANK signalling for the overall lifespan of osteoclasts. Indeed,
loss of function mutations in TNFSF11 and TNFRSF11A, both in humans and mice,

lead to a complete absence of osteoclasts and osteopetrosis.5>®®

16
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Although osteoblast and osteocytes secrete RANKL to promote
osteoclastogenesis, these cells tightly regulate RANKL/RANK interaction and
signalling by secreting osteoprotegerin (OPG). OPG is a soluble factor that act as
decoy receptor of RANKL. Recombinant OPG administration blunted
osteoclastogenesis and increased bone density, causing osteopetrosis in mice, while
Opg”” mice had increased osteoclastogenesis and severe bone loss.?”% Therefore,

the ratio RANKL/OPG dictates the final pro- or anti- osteoclastogenic milieu.®®

RANKL signalling through RANK, induces a cascade of kinases, including the
mitogen-activated protein kinase (MAPK) cascades: extracellular regulated kinase
1/2 (ERK1/2), C-Jun N-terminal kinase/ stress-activated protein kinase (JNK/SAPK)
and p38 kinase (p38), to finally induce the expression of the nuclear factor of

activated T cells 1 (NFATc1), a key hallmark of osteoclastogenesis.>®
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Figure 1-6. Osteoclastogenesis. Crucial steps for osteoclast differentiation from HSCs
commitment to Monocyte homing towards M-CSF, RANKL and MCP-1 and final expression of
mature osteoclastic markers.
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The NFATC1 transcription factor, targets key osteoclast-specific genes, firstly
needed for pre-osteoclast fusion and multinucleation and finally essential genes for
the resorbing action of osteoclasts. NFATC1 induces a fusion-competent status, by
promoting the expression of integrin avB3, E-cadherins and other relevant proteins
essential for cell-cell fusion and the organization of the cytoskeleton.>>®%7° The
fusion of mononucleated pre-osteoclasts into a giant multinucleated osteoclast is
indeed a phenomenon known to impact on osteoclast function, as resorption activity

correlate with the number of nuclei per cell.”

The terminal differentiation of multinucleated osteoclasts is characterized by
the acquisition of mature phenotypic markers essential for bone resorption, such as:
V-ATPase Subunit A3 (Atp6i/ATP6VOA3), cathepsin K (Ctsk), matrix metallopeptidase

9 (Mmp9) and tartrate-resistant acid phosphatase (Trap).”?

Bone resorption

Mature osteoclasts, strongly attach to bone areas to be resorbed, by the
interaction of the osteoclastic avp3 integrins with the amino acid motif Arg-Gly-Asp
(RGD) of non-collagenous ECM proteins. The site of bone attachment defines the
sealing zone and induces important reorganization of the cytoskeleton and
formation of the actin ring. This event polarizes the osteoclast cell body, generating
the basolateral and the apical domains, the last facing the bone surface and defining
the resorption lacuna. The apical domain contains the ruffled membrane with finger-
like processes, a morphology that increases the functional exchange site of protons,

lysosomal proteases and degraded material (Figure 1-7).

18
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Figure I-7. Osteoclastic bone resorption. Mature osteoclasts attach to region to be degraded
forming functional domains. The ECM is demineralized in the acidic resorption lacuna and
organic components are further degraded by proteases and degraded in the lysosomes or
discarded through transcytosis. Image adapted from Roy M et al.”®

Upon cell polarization, osteoclasts proceed to resorb bone within the
resorption lacuna. Bone resorption is a two-step process that starts with the
dissolution of the mineralized matrix, followed by the enzymatic degradation of the

organic matrix.

Within the resorbing lacuna, osteoclasts define a very acidic
microenvironment (pH 4.5). The acidification of the extracellular space is mediated
by several pumps and channels that cause the net release of hydrochloric acid. The
cytoplasmic carbonic anhydrase Il converts carbon dioxide and water to bicarbonate
and protons. A chloride-bicarbonate exchanger, localized in the basolateral
membrane, facilitates the efflux of bicarbonate for chloride ions. Protons are
pumped out by the V-ATPase and a chloride channel couples this process with an
efflux of chloride ions to maintain intracellular electroneutrality.”* Targeted
disruption of osteoclastic Atp6i in mice results in severe osteopetrosis due to loss of

osteoclast-mediated extracellular acidification.” Therefore, the acidic conditions are
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essential to decalcify HA and allow protease accessibility to the organic components

of the ECM.

The degradation of the demineralized extracellular organic components of the
ECM is accomplished by lysosomal enzymes, such as CTSK, MMP-9, and TRAP. CTSK
is a cysteine protease that degrades collagen fibers and elastin, and MMP-9 is an
endopeptidase that further digest segmented collagen fibrils. Ctsk”" mice develop
osteopetrosis, having osteoclasts that are unable to degrade the organic phase of

the demineralized matrix.”®

The products of bone degradation are endocytosed through the ruffled
membrane. Some endocytic vesicles fuse with lysosomes to additionally process
some organic components. Other vesicles, called transcytotic vesicles, directly
transport and release the products into the surrounding extracellular milieu through

the basolateral membrane.®®

Osteoclasts also express and secrete large amounts of TRAP, that was firstly
considered to be exclusively active in the resorbing lacuna. However, later it was also
suggested to be functional within intracellular vesicles that fuse to transcytotic
vesicles. Within these vesicles TRAP is generating reactive oxygen species that help
to destroy collagen and other proteins.”” TRAP was also shown to dephosphorylate
non-collagenous proteins of the ECM, that in this state no longer support osteoclast
binding to the bone surface.”® Therefore, TRAP by influencing the attachment of

osteoclasts, could be signalling the completion of osteoclast function.

Originally, the prevalent hypothesis was that osteoclasts end their resorbing
activity and detach from the bone surface, and then move to a new site for a new
cycle of bone resorption or undergo apoptosis.®® Recently though, McDonald and
colleagues, using intravital imaging, demonstrated that osteoclasts can recycle by
fission of multinucleated cells into daughter cells called osteomorphs. Importantly,

these osteomoprhs retain the ability to fuse back into functional osteoclasts.”®
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1.2 Bone remodelling

The skeleton is highly dynamic and undergoes continuous renewal via bone
remodelling. Bone remodelling consists of a coupled process of osteoclastic bone
resorption and osteoblastic new bone formation, ensuring the clearance of damaged

and old bone.

When a specific bone region has to be remodelled, bone lining cells detach
from the quiescent bone surface and migrate to form a canopy over the remodelling
area, defining the bone remodelling compartment.?° Within this compartment the
cells that participate in the remodelling process configure the basic multicellular unit
(BMU), a transient functional unit that is responsible for orchestrating the four
phases of bone remodelling: osteoclastic bone resorption; the reversal from

catabolism to anabolism; bone formation by osteoblasts; termination (Figure 1-8).5

These processes are tightly regulated by endocrine, paracrine and cell-to-cell
interactions, and require a spatial and temporal coordination of bone resorption and
bone formation. The coupling factors responsible for the interaction between
osteoclasts, osteoblasts and osteocytes to maintain bone balance are of great
importance to understand bone dynamics and the impact of therapeutic modulation
of bone remodeling.®! Indeed, osteocytes are considered the central orchestrators
of bone remodelling, due to their ability to regulate the differentiation and function
of both osteoblasts and osteocytes. This also makes sense considering that
osteocytes sense and integrate mechanical and hormonal signals to regulate bone

mass.
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Osteoclastic bone resorption

Osteocytes directly promote osteoclastogenesis and bone resorption. Indeed,
osteocyte apoptosis, due to microfractures or natural aging, has been shown to be a
regulatory event for osteoclast formation and the initiating signal of bone

remodelling.*

Apoptotic osteocytes release ATP that signals to neighbouring osteocytes and
promote the expression of RANKL.®? Indeed, Kennedy and colleagues demonstrated
that RANKL was mainly expressed by osteocytes at 100-300um from the apoptotic
osteocytes. Interestingly, distant osteocytes expressed higher levels of OPG.
Therefore, osteocyte apoptosis define a spatial pattern of RANKL/OPG ratio to
control bone resorption, this being consistent with the targeted nature of the bone

remodeling response.®

Additionally, osteoblasts express CSF1 and RANKL, produce chemokines, to
recruit osteoclast precursors and matrix metalloproteinases that process ECM

components to expose adhesion sites for osteoclast attachment.®

Therefore, in this phase, both osteoblasts and osteocytes cooperate to
promote monocyte migration, macrophage fusion and multinucleation forming

mature osteoclasts and matrix degrading functional osteoclasts (Figure 1-8 @).

Reversal from catabolism to anabolism
Within the remodelling compartment, osteoclast resorption of the

mineralized matrix causes the release of ECM-associated factors, such as

transforming growth factor- (TGF-B) and insulin-like growth factor-1 (IGF-1). Both
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are considered coupling factors as they can influence the osteoblast differentiation,

matrix mineralization and osteoclast activity and survival.

TGF-B induces the migration of MSCs, increasing the pool of osteoblasts
precursors in the BMU. TGF-B also signals in osteoclasts to induce the expression of
Wntl, that together with TFG-B, cooperate to induce the expression of the
expression of the master transcription factor Runx2 in osteoblasts and activating the
synthesis of collagen®. IGF-1 recruits MSCs and promotes osteoblast differentiation
and matrix mineralization by inducing osteoblastic genes such as Runx2, Alpl, Dmp1

and Ocn (Figure 1-8 0).5¢

Active osteoclasts also produce extracellular vesicles that promote the
reversion from bone resorption to bone formation. Osteoclastic vesicles carry RANK
that can bind to membrane-bound RANKL on osteoblasts. This reversal signal

promotes Runx2 expression and promotes osteoblastogenesis (Figure 1-8 @).%’

Restoration of new bone and termination

Osteoblasts produce osteoid and mineralize the bone matrix, a process highly
sustained by pro-osteoblastic signals. As some osteoblasts get trapped within the
mineralized matrix, osteocytogenesis proceeds with the consequent expression of
osteocytic markers such as DKK1 and SOST, that inhibit osteoblastogenesis Also,
mature osteocytes express high levels of OPG, reverting the ratio RANKL/OPG and
blocking osteoclastogenesis. Altogether, these events define the major termination

signals sensed by the BMU (Figure 1-8 (3).%°
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Figure I-8. The basic multicellular unit. Phases of bone remodelling with relevant interactions

highlighted: (D pro-osteoclastogenic actions of osteoblast and osteocytes to promote
resorption; @ osteoclast-mediated pro-osteoblastogenic signals to initiate reversal and new
bone formation; @ osteocytic-induced remodelling termination through anti-
osteoclastogenic and anti-osteoblastogenic signals.

In humans, the lifespan of the BMU is 6-9 months, being the lifespan of
osteoclasts and osteoblasts much shorter, about two weeks and three months,
respectively. This highlights that the remodelling process is slow and requires a
constant supply of new functional cells. Therefore, a balanced bone remodelling is a
complex phenomenon that requires a tight coordination of hormonal, paracrine and
autocrine signals that finally determine the number of active cells in the BMU and

the amount of bone removed and replaced.®

This tightly regulated process is essential for the correct maintenance of the

skeleton throughout life; however, the equilibrium can be shifted towards increased
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bone resorption and/or decreased bone synthesis. This imbalance in bone
remodelling causes overall reduced bone mass, impaired bone mineralization and
reduced bone strength, increasing bone fragility and the risk of fractures. These are

key characteristics of osteoporosis.®

13 Osteoporosis

Osteoporosis is a skeletal disease characterized by loss of bone mass and
reduced bone strength, causing bone fragility, and increasing the risk of fractures.
Bone mass significantly decreases with age, rising the probability of fragility fractures
in the elderly. 1 in 3 women and 1 in 5 men over age fifty will experience an
osteoporotic fracture.’® Worldwide, osteoporosis causes more than 9 million

fractures annually, resulting in a fragility fracture every 3 seconds.*!

Osteoporosis is a silent disease, usually with no symptoms before a fracture
occur. The clinic relevance of osteoporosis is directly related with fragility fractures
as these significantly increase morbidity and mortality. The most common fractures
sites are the hip, spine and wrist, being femoral neck fractures the most severe.
Around 25 % of the patients that suffer a femur fracture die within the first year and
around 50% lose their independency.’? Indeed, the long-term impact on
independence is the major burden caused by fragility fractures. A burden of a disease
can be defined as the disability-adjusted life years (DALYs), calculated as the sum of
years of life lost due to death and the years lost due to disability. Surprisingly, data
from the 27 members of the European Union (EU27) revealed that osteoporosis
causes more DALYs than any type of cancer, other than lung cancer, and that fragility
fractures are placed as the fourth most burdensome, outranked only by ischemic

heart disease, dementia and lung cancer.®*%
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The gold standard for diagnosing and follow-up osteoporosis is measuring the
bone mineral density (BMD) by a dual energy X-ray absorptiometry. The
classification of BMD values is given as a T-score, that represents the number of
standard deviations (SD) above or below the mean BMD of a reference young
population of the same sex. Therefore, the BMD is classified as follows: Normal,
when T-score is < -1 SD; Osteopenia, when T-score is between -1 and -2.5 SD;
Osteoporosis, when T-score >-2.5 SD. When this score is accompanied by one or
more fractures the patient is considered to have severe osteoporosis. To diagnose
children and young individuals the Z-score that normalizes the values of BMD

considering a reference group of the same age and weight is preferred.®*

Osteoporosis can be further classified as primary or secondary, depending on
the aetiology. Primary osteoporosis is also defined as involutional osteoporosis and
can be subdivided in postmenopausal osteoporosis or age-related osteoporosis.
Although aging and oestrogen deficiency are the most important risk factors,
osteoporosis can occur at any age. This is mainly seen in secondary osteoporosis that

appears secondary to systemic diseases or pharmacological interventions.®

The progression of bone mass with age in both men and women reveals three
main events: peak bone mass, menopausal bone loss and age-related bone loss
(Figure 1-9). Peak bone mass is defined as the maximum amount of bone mass an
individual will have in their life. The peak is attained around age 30 in both male and
female, however males reach higher levels of bone mass. Thereafter, due to normal
aging, men and women lose bone at a rate of approximately 0.3% and 0.5% per year,
respectively. However, in women, the drastic reduction of oestrogens during
menopause causes an accelerated bone loss at a rate of 2% for the next 6-10 years
after menopause is established.®® After these years, bone loss in women slows and

parallels that in men of the same age.?” Overall, this progression reveals that
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osteoporosis is more prevalent in women compared to men, due to lower peak bone
mass and an increased rate of bone loss after menopause. The graph also highlights
how any circumstance limiting the maximum peak bone mass, increases the

likelihood of developing osteoporosis later in life.

Peak bone
Bone growth mass Age-related bone loss
§ Menopause
=
[}
[
o
[i7]
Suboptimal lifestyle factors
0 10 20 30 40 50 60

Age (years)

Figure 1-9. Bone mass across the lifespan. Main events influencing bone mass across the
lifespan are represented for both male and female. Image adapted from Adapted from
Weaver et al.%®

1.3.1 Age-related osteoporosis

Skeletal aging is characterized by a gradual decline in bone quantity and

quality, leading to a dramatic increase in fracture risk.*

With advancing age, the amount of bone resorbed by osteoclasts is not fully
restored by osteoblastic bone deposition. This imbalance leads to both trabecular
and cortical alterations: a reduction of the trabecular number, a decreased
trabecular thickness and increased trabecular spacing; a reduced cortical thickness

and the expansion of the bone marrow cavity.!? At the cellular level, these changes
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are clearly justified by a decline in osteoblastogenesis and an increase of osteoclasts

numbers and function.

An insufficient supply of osteoblasts from bone marrow mesenchymal stem
cells (BM-MSCs) is one of the major culprits. Several reports demonstrate that old
bones not only have reduced number of BM-MSC with impaired self-renewal
potential, but these cells also have a skewed differentiation towards the adipogenic
lineage.'®* Indeed, MAT is a feature consistently observed in aged bones of both mice

and humans.1%?

Bone remodelling is further imbalanced by an age-dependent increase of pro-
osteoclastogenic signals. Osteoblasts isolated from old mice have increased
expression of RANKL and M-CSF, and a reduced expression of OPG.1% The expression
of OPG was also significantly lower in human BM-MSCs derived from elderly
subjects.’®* Additionally old BM-MSC co-cultured with pre-osteoclasts have an
increased osteoclastogenic potential, compared to BM-MSC-derived from young

mice.1®

Age-related bone loss is also associated with increased apoptosis of
osteoblasts and osteocytes, causing a reduced number of functional bone-forming
cells in the BMU.X% As it was previously described, these apoptotic osteocytes
further signal neighbouring undamaged cells to express and secrete RANKL, that

consequently boost osteoclastogenesis and bone resorption.%

Altogether, aging is associated with a change in the profile of pro-
osteoclastogenic factors favouring osteoclast differentiation and activity, resulting in

increased bone resorption and bone loss.

To understand the impact of aging on bone homeostasis, Zhang and
colleagues, performed transcriptome analysis of 3-month-old and 20-month-old
bone samples. Differential gene expression analysis revealed that there is an age-

related impairment in bone specific functions related to mechanical input and the
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regulation of bone remodelling. However, and most importantly, the
proinflammatory state was the most significant feature of bone aging. Specifically,
old bones were enriched in inflammatory ontology terms involved in both innate and

adaptive immunity.1%’

Indeed, some researchers understand age-related osteoporosis as an
inflammatory pathology, where different insults culminate to increased
inflammatory responses that initiate and maintain a vicious cycle of bone loss.
Mechanistically, cellular senescence has emerged as a plausible candidate to explain
the underlying source of pro-inflammatory factors, that can overall explain the

features observed in the aged bone.*

1.3.2 Postmenopausal osteoporosis

Oestrogen deficiency due to menopause define a critical event where bone
remodelling is considerably imbalanced towards increased osteoclastic bone
resorption. Historically, oestrogen was believed to negatively modulate osteoclast

differentiation mainly through its direct actions in bone cells.

Streicher and colleagues demonstrated that oestrogen, through its receptor
ERa, mediated suppression of RANKL expression in bone lining cells. Interestingly,
bone lining cells appear as important gatekeepers of oestrogen controlled bone-
resorption.1® Oestrogens are also regulating osteoblast and osteocyte survival, and
oestrogen deficiency is associated with increased apoptosis of osteocytes in
humans.'® Therefore, both aging and oestrogen deficiency in women synergize to
reduce que number of functional osteoblasts and osteocytes and increase

osteoclastogenesis.
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Postmenopausal osteoporosis is currently understood as an inflammatory
disease and is considered as a clear example of the mutual influences between the

endocrine, bone, and the immune systems.

Oestrogen decline increases T cell activation and proliferation, which are
responsible for the chronic stimulation of osteoclastogenesis and consequent bone
loss.2¥® In a murine model of postmenopausal osteoporosis induced by surgical
removal of ovaries called ovariectomy (OVX), Roggia et al, demonstrated that OVX
increases T cell production of TNF-a in the bone marrow.!! Also, TNF-a originating
from T cells is responsible for stimulating the expression of the Wnt antagonist,
SOST.'? Increased serum SOST levels are observed both in OVX mice and
postmenopausal women, therefore, by unknown mechanisms, oestrogen impact on

SOST levels and osteoblastogenesis.*3

Oestrogen deficiency results in a marked increase proinflammatory cytokines,
such as IL-1, IL-6 and IL-7 all know to have potent osteoclastogenic effects.
Altogether it is unavoidable to consider the immune system as a critical player in the

pathophysiology of postmenopausal osteoporosis.

1.3.3 Chemotherapy-induced osteoporosis

Anti-cancer treatments increased cancer survival rate but are unavoidably
associated with long-term side effects, including osteoporosis. Therapy prematurely
induces aging of tissues and exacerbates the damage by boosting a continuous

proinflammatory response.

Pediatric-cancer survivors have changed activation of the immune system and
chronic low-grade inflammation. This resembles the aging phenotype observed in

older population and explains the early onset of age-related chronic diseases in
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survivors.!** Indeed, the premature aging of bone is observed in young cancer

survivors, with 20-50% of the children presenting skeletal sequelae.*

Chemotherapy also induces premature ovarian dysfunction in premenopausal
women, as menopause occurs about 10 years earlier than average normal
menopause.!’® Depending on the therapeutic regimen and age at the time of
treatment, this premature dysfunction affects between 40% and 95% of women
treated with chemotherapy.'’ Importantly, the impact of chemotherapy and
ovarian dysfunction on bone health is additive, as postmenopausal women under
cancer treatment, have significantly elevated risks for fractures when compared with

postmenopausal women without cancer.!®

Doxorubicin (DoxoR) is an anthracycline used as a chemotherapeutic drug to
treat several types of cancers including breast, lung, ovarian, thyroid, multiple
myeloma, sarcoma, and pediatric cancers. Doxorubicin acts as an anti-cancer
molecule by intercalating into DNA and disrupting topoisomerase-Il mediated DNA
repair and by promoting histone eviction from chromatin, evoking a DNA-damage
response, and promoting changes in the transcriptome and the epigenome.
Doxorubicin also generates free radicals with the consequent oxidative damage of
cellular components, finally triggering apoptotic pathways and cell death.*® Similar
to other chemotherapeutic compounds, doxorubicin influences BMD indirectly by
inducing endocrine alterations such as gonadal dysfunction and directly by impairing

bone cells.'?°

Doxorubicin induced loss of trabecular bone volume and increased bone
resorption markers both in non-tumor and tumor bearing mice, suggesting that
Doxorubicin has a tumor-independent effect on bone microenvironment.'?! Even if
there is a clear association between doxorubicin treatment and osteoporosis, the

molecular mechanisms triggering bone loss have not been fully elucidated.
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Recently, Yao and colleagues demonstrated that doxorubicin induced bone
loss due to cellular senescence, highlighting how cellular senescence and a sustained
proinflammatory signalling can alter bone homeostasis.!?? Indeed, cellular
senescence is considered as the common event to explain therapy-induced adverse

effects in different tissues.

The impact of cellular senescence and senescence-induced proinflammation

on bone homeostasis deserves a deep description in the second chapter.

1.3.4 Therapeutic strategies

Considering that osteoporosis is mechanistically explained by an increase of
osteoclastic activity and/or a reduced osteoblastic function, therapeutic strategies
aim to correct imbalanced bone remodelling. The efficacy of a given osteoporotic
drug is evaluated by measuring both the ability to increase the BMD and to reduce
the risk of fractures on susceptible anatomical sites, namely vertebral, hip and non-
vertebral sites.?* Bones in the skeletal system have a different proportion of cortical
and trabecular compartments, with a different bone turnover rate, and are exposed
to different levels of stress. For example, vertebral bones have in general 70% of
trabecular bone, the femoral neck has 75% of cortical bone and only 5% of the bone
at the distal radius is trabecular bone. Altogether explain the differences in fracture

susceptibility and in efficacy of osteoporotic drugs.!?

Bisphosphonates are the first-line treatment for osteoporosis due to their high
antiresorptive potency. Bisphosphonates (including alendronate, risedronate and
zoledronate) are analogous of pyrophosphate that strongly bind to HA and can
remain on the bone surface for months. The resorbing osteoclasts engulf
bisphosphonates, that once inside the cell inhibit the farnesyl diphosphate synthase.

This is a crucial enzyme, at the branch point of isoprenoid lipid and cholesterol
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biosynthesis, essential for function and survival of osteoclasts.!** Therefore, once

incorporated by active osteoclasts, bisphosphonates induce osteoclast apoptosis.

Bisphosphonates increase BMD, reduce the risk of fractures and reduce the
risk of mortality when commenced after a fracture.®® Depending on the type of
bisphosphonate used, fracture risk can be reduced in about 40-60% of vertebral
fractures, 20-50% of hip fractures and 10-40% of non-vertebral fractures. However,
there are several side effects that reduce patient adherence to therapy such as
gastrointestinal symptoms, affecting nearly 20% of the patients, and bone, muscle
and joint pain. Although rare, long-term treatment is associated with severe adverse
effects, including osteonecrosis jaw, esophageal cancer, atrial fibrillation, and
atypical femoral fractures.’®® Considering these adverse effects, guidelines advise
that after three-to-five years of therapy, patients should undergo a three year drug-
holiday.'? Interestingly, due to the strong bind of bisphosphonates to HA, the BMD

is maintained for at least two years after drug discontinuation.

Denosumab is an antiresorptive therapy considered when bisphosphonates
are contraindicated. Denosumab is a monoclonal antibody directed against RANKL
that profoundly reduces bone turnover. The drug was approved in 2010 and
demonstrated to produce meaningful increases in BMD and to significantly reduce
fracture risk: among 60% the risk of vertebral fractures, 41% of hip fractures and 20%

of non-vertebral fractures.*?’

Adverse events have also been reported after denosumab treatment,
including skin eczema, cellulitis, osteonecrosis of the jaw and atypical femoral
fractures. Therefore, patients receiving denosumab should discontinue treatment,
however, unlike bisphosphonates which provide residual therapeutic benefits for
some time after discontinuation, the effects of denosumab on bone are quickly
reversed.’?® Denosumab withdrawal cause an increase of bone turnover with a
129

consequent decrease in BMD and increase in fracture risk to pre-treatment levels.

As the discontinuation of denosumab may potentially be risky, several ongoing
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clinical trials aim to evaluate the best time for discontinuation and therapeutic

combination for the safer transition away from denosumab.*

Given that bone remodelling is modulated by oestrogens and PTH, hormonal-
based therapeutic strategies were developed. The decline of oestrogen levels due to
menopause and consequent bone loss was thought to be easily restored by
oestrogen administration to postmenopausal women. Indeed, provision of
oestrogen from the start of the menopause maintains BMD and reduces fracture
risk.1** However, as oestrogen receptors are widely distributed, the positive impact
of oestrogen on bone was counterbalanced by increased risk of severe adverse
events such as breast cancer, coronary heart disease and venous

thromboembolism.3%133

Instead of directly administering oestrogen, researchers developed selective
oestrogen receptor modulators (SERM). Raloxifene is a SERM that, although
significantly less effective than oestrogen, increased BMD and reduced nearly 45%
the risk of vertebral fractures in postmenopausal women.3*13> However, it does not
alter the risk of fracture of non-vertebral sites, therefore raloxifene is indicated for
the prevention and treatment of postmenopausal osteoporosis, especially in those
cases with vertebral predominancy.!*® Despite being safer than estrogens, raloxifene
was reported to cause hot flushes, lower limb cramp and increased risk of venous

thromboembolism.%*

Teriparatide is a recombinant fragment of the human parathyroid hormone
(PTH 1-34) and was the first anabolic agent approved for treating osteoporosis.**’
Teriparatide is administered once daily to stimulate osteoblastic new bone
formation, albeit its effect are slow and the increases in BMD and protective action
to reduce risk of fractures was only observed after 12 months of treatment.*® The

effects of teriparatide in preventing vertebral fractures was superior to
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bisphosphonates reaching almost 70% of risk reduction, thus the drug is mainly
prescribed to patients with severe osteoporosis who have sustained one or more
vertebral fractures.!® Teriparatide reduced in 35-40% the risk of non-vertebral
fractures but had no relevant impact on hip fractures. Teriparatide was reported to

cause nausea, headache, dizziness, and leg cramps.

More recently, in 2019, the FDA approved the use of romosozumab, a
humanized monoclonal antibody against SOST. SOST inhibition allows the Wnt/B-
catenin pathway to occur, thus promoting osteogenesis. Clinical trials revealed that
romosozumab showed a 73% lower relative risk of vertebral fractures and 36% lower
risk of other clinical fractures. Interestingly, romosozumab appeared to be more
effective than other osteoporotic drugs when there is a high baseline fracture risk.
Therefore, romosozumab is a good therapeutic option for women with
postmenopausal osteoporosis who are at high risk of fracture or are intolerant to
other available therapies. Nonetheless, it is important to note that the drug increase

the risk of adverse cardiovascular events.'*

Significant progress has been made in the management of osteoporosis.
Therapies can increase bone mass and reduce fracture risk in some extend, with a
good short-term safety profile. Yet, some concerns remain when these agents are
used beyond 3-5 years. To manage this, ongoing clinical trials try to assess the best
therapeutic combination for safer and more effective simultaneous or sequential
therapies.'* Certainly, there are still unmet needs that highlight the existence of

gaps on the knowledge of the pathophysiology of osteoporosis.
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2 Cellular senescence

Senescence is a complex cellular response to different stressors, where
profound transcriptional and epigenetic changes culminate with a stable cell cycle
arrest and the establishment of a proinflammatory secretome. In 1961, Hayflick and
Moorhead described for the first time the process of cellular senescence in primary
cells, when they found that human diploid cells undergo irreversible growth arrest
after extensive serial passages in culture.®? This finite replicative capacity, termed
the “Hayflick limit”, was later attributed to progressive telomere shortening, a

phenomenon that initiates senescence to avoid propagation of genomic instability.

Cellular senescence was originally hypothesized to be a control mechanism
avoiding unrestricted growth of damaged cells. However, in the last decades,
researchers proved the relevance of cellular senescence in diverse physiological and
pathological processes, such as embryonic development, wound healing, tissue

repair and organismal aging, an impact that goes way beyond tumor suppression.*®

The senescence program can be initiated by different stimuli including,
telomere attrition, chromatin perturbations, oncogenic stress, reactive oxygen
species, exposure to ionizing radiation and chemotherapeutic drugs (Figure 1-10).
These are few examples of stressors that induce DNA damage and trigger the DNA
damage response (DDR).** This response initially induces a transient p53/p21-
dependent cell cycle arrest. Unresolved DNA lesions can cause a sustained DDR and

permanent proliferative arrest by engaging the p16—pRB pathway.'*?

The overexpression of p21 and/or p16 and cell cycle arrest define the main
features used to identify senescent cells both in vitro and in vivo. However, the
senescence phenotype cannot be described by a single feature as none is specific
nor universal for senescence. Therefore, the combination of morphological,

enzymatic, and transcriptional features is essential to identify senescent cells.}*
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Figure 1-10. Becoming a senescent cell. Damaging insults and main features of senescent
cells.

Morphologically, cells exhibit increased size and granularity, flattened
morphology, enlarged intracellular organelles, irregular nuclear envelope, and
changes in chromosome condensation and distribution. Morphological changes are
easily observed in vitro, but the identification in vivo is complex.'*® Senescent cells
have DNA damage foci with accumulation of proteins necessary for triggering DDR,
such as yH2AX and p53 binding protein 1 (53BP1).2*” However, identification of these
proteins does not constitute a specific marker because cells can repair DNA without
undergoing senescence. Another structural consequence of DDR activation and cell
cycle arrest are the senescence-associated heterochromatin foci (SAHFs). These are
heterochromatin domains that sequester proliferation-promoting genes.#®
However, SAHFs can be absent depending on the cell type or the initial insult and
have not been identified in murine cells, thus its use is restricted for the identification

of human senescent cells.**

Senescent cells also have increased lysosomal content, with high levels of
senescence-associated B-galactosidase activity.'® The hydrolase activity of this

enzyme is used to identify senescent cells both in vivo and in vitro.}*

In 1995 Wang firstly demonstrated in vitro another relevant feature of cellular
senescence: apoptosis resistance.’® Senescent cells resist apoptosis by up-

regulating pro-survival and anti-apoptotic pathways, such as SRC kinases, the PI3K-
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AKT signalling pathway, heat shock protein pathways, serpines, or apoptosis

regulator BCL-2 related proteins.®?

Senescent cells are metabolically active and exhibit a unique secretome profile
defined as senescence-associated secretory phenotype (SASP). The SASP is one of
the key characteristics that distinguish senescent cells from other types of non-

proliferating cells, such as quiescent and terminally differentiated cells.?>?

The senescent secretome consists of proinflammatory cytokines, chemokines,
growth factors and matrix metalloproteases, that trigger a wide range of autocrine
and paracrine actions. SASP is highly heterogenous and vary depending on the cell-

type, the type of damaging insult and the degree of the insult.1>31>

Activation of SASP is an essential feature of senescence cells as they can
largely impact on the surrounding microenvironment. Orjalo and colleagues
demonstrated that the inflammatory cytokine IL-1a is a crucial SASP initiator and
regulator as it triggers the expression and secretion of other potent cytokines, such
as IL-6 and IL-8.%*° The continuous production of inflammatory cytokines defines a
positive feedback loop that reinforce the senescent program in an autocrine manner
and induce cellular senescence in neighbouring undamaged cells. This bystander
effect spreads senescence and boosts the secretion of proinflammatory SASP both

in vitro and in vivo.**®

Senescent cells can either promote tissue repair and prevent cancer
progression or induce tissue damage and promote cancer development. These
antagonistic effects raised fascinating questions: Are they different signatures of
cellular senescence? What makes a senescent cell beneficial or detrimental for a
tissue? Is it a cell-autonomous or non-autonomous mechanism? Can SASP
heterogeneity explain the variable impact of senescent cells? Is cellular senescence

a controlled process?
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Some of these questions were already answered and, based on kinetics of
senescence induction and functionality, enabled to primarily categorize the

senescence response in acute and chronic senescence (Figure 1-11).152

ACUTE Senescence CHRONIC Senescence

Development
Persistent insult

Tissue repair . Tissue damage
Inefficient clearance

\ Aging

Tumorigenesis

Regeneration

Immuno-clearance
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Figure I-11. Cellular senescence: a double-edged sword. Beneficial acute senescence can
become chronic inducing tissue damage, aging and tumorigenesis.

2.1 Acute senescence

A controlled, acute, and restricted senescence participates in embryonic
development, tissue repair and halts malignant transformation of damaged cells.
Acute senescence is an efficient process where senescence is induced in a specific

population of cells within a tissue, under strict temporal control.**’

Senescent cells were identified during mammalian embryonic development at
different locations, including the mesonephros, the endolymphatic sac of the inner
ear, the developing limb, and the neural tube.®®>° |nterestingly, developmental
senescence does not show DNA damage responses and reveal a programmed
activation of TGF-B/SMAD and PI3K/FOXO pathways that directly participate in the
induction of senescence.®® Developmental senescence is an acute event that
appears during a particular time-window and is followed by macrophage infiltration

and clearance of senescent cells, resulting in tissue remodelling and patterning.1>81>°
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Wound healing involves tightly regulated and coordinated events of initial
inflammation in response to damage, synthesis and deposition of the ECM by
myofibroblasts and tissue remodelling.'®® Excessive ECM deposition can result in
fibrosis and scarring with consequent loss of tissue structure and function.
Physiologically, ECM deposition and fibrosis is controlled by senescent
myofibroblasts. The extracellular matrix protein CCN1, through integrin signalling,
induces oxidative stress and DNA damage responses that culminates with cellular
senescence and induction of antifibrotic genes. Defective CCN1 in vivo resulted in
exacerbated fibrosis, a phenomenon that could be reversed by topical application of
CCN1 to wounds.'®* Demaria and colleagues additionally demonstrated that the
appearance of senescent fibroblasts and endothelial cells during wound healing was
essential for tissue repair. A SASP component, platelet-derived growth factor AA,
induced myofibroblast differentiation from fibroblasts, enhancing its contractile
function and consequently accelerating wound closure.'®? Altogether, cellular
senescence appears as a programmed response during wound healing, that
functions as a limiting mechanism for fibrogenesis, as well as a direct inductor of

tissue repair.

Cellular senescence also helps avoid liver fibrosis and consequent cirrhosis.
Following an acute damage, activated hepatic stellate cells proliferate and produce
ECM deposited in the fibrotic scar. Damage-induced senescence of hepatic stellate
cells limit the accumulation of fibrotic tissue by reducing the secretion of ECM and
enhancing SASP. SASP contains matrix-degrading enzymes and promotes
immunosurveillance, with consequent attraction of innate immune cells, such as
natural killer cells to accelerate the resolution of fibrosis. Immunosurveillance
appears to be essential, as depletion of natural killer cells in vivo increased the
presence of senescent cells and fibrosis in damaged livers.'®® Therefore, cooperation

between senescent and immune cells is essential to ensure proper tissue repair.
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Damaged-induced accumulation of senescent cells also enhances tissue repair
and regeneration, by impacting on cellular plasticity. Cellular reprogramming was
demonstrated to be feasible in vivo by the transient induction of the four factors
Oct4, Sox2, KIf4 and c-Myc (OSKM).1®* Several groups demonstrated that OSKM
factors cause two main cellular outcomes: cellular reprogramming and cellular
senescence. Interestingly, reprogrammed cells appear near to clusters of senescent
cells, and the level of cellular reprogramming positively correlates with the presence
of senescent cells.1®>1% Conversely, elimination of senescent cells reduced the
number of reprogrammed cells.'®® Therefore, senescent cells promote plasticity of
neighbouring cells, thus assisting the regenerative response and eventually

facilitating cellular trans- or de-differentiation after damage.'®’

The most widely recognized biological function of the senescence response is
preventing cancer development. Oncogenic and other damaging insults that
promote malignant transformation of cells, can induce cellular senescence, that
avoids proliferation of damaged cells. In 1997, Serrano and colleagues firstly
described that expression of oncogenic Ras can induce cell-cycle arrest and trigger
premature cellular senescence.'®® Afterwards, the relevance of oncogene-induced

senescence to prevent tumorigenesis was demonstrated in multiple models.16°7171

Senescent cells, through SASP, strongly promote immune responses and
clearance of pre-malignant cells.}**'79172 Wang and colleagues demonstrated how
the increased burden of senescent cells in aggressive hepatocarcinoma, lead to SASP
secretion of inflammatory cytokines that mediated tumoral infiltration of
macrophages, neutrophils, and natural killer cells. The intense localized immune
response induced tumor clearance and regression, while inhibition of the immune

function delayed tumor regression.'’®
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2.2 Chronic senescence

A progressive accumulation of unsolved damage and/or an inefficient
clearance of senescent cells can increase the burden of senescent cells within a
tissue, remaining for long-periods of time. Conversely to acute senescence, that
follows an efficient, targeted and strict temporal control, chronic senescence induces
an unscheduled and stochastic senescence, that does not seem to target specific cell
types.’>? Chronic accumulation of senescent cells and persistent SASP can disrupt
tissue structure and function, and has been associated with age-related

pathologies.t®’

2.2.1 Cellular senescence in aging

Aging is characterized by a gradual decline of physiological functions, being
the main risk factor for pathologies including cardiovascular disorders,
neurodegenerative diseases, cancer, and osteoporosis. In an effort to understand
the common denominators of aging, Lopez-Otin and colleagues proposed the nine
hallmarks of aging: genomic instability, telomere attrition, epigenetic alterations,
loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, and altered intercellular
communication.!”® These hallmarks are interconnected and can simultaneously
occur, revealing a complex network. Recently, McHugh and colleagues, suggested a
possible interpretation of the network, defining cellular senescence as the central

hallmark of aging.*’*

With advancing age, there is a marked accumulation of senescent cells in
multiple tissues.!”>7® Indeed, the senescence load in human tissues is associated

with chronological age and age-related diseases.'’”1”® The causative link between
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cellular senescence and age-related deterioration was further strengthened by many
reports demonstrating that clearance of senescent cells in vivo extends health and

lifespan.

Baker and colleagues developed the transgenic INK-ATTAC mice, to selectively
kill senescent cells. This system allows for the identification and inducible elimination
of pl6-positive senescent cells, upon administration of the synthetic drug AP20187.
Life-long and late-life removal of senescent cells delayed the age-related
deterioration of tissues and attenuated the progression of already established
disorders, respectively, extending median lifespan in mice.>8 Importantly, Baker’s
and other’s reports, revealed that clearance of senescent cells was not associated
with detectable detrimental effects, defining the basic experimental evidence to
support further research on the development of senotherapies: therapies tagging

senescent cells to treat aspects of age-related functional decline.4%18!

Cellular senescence is thought to contribute to tissue and organ dysfunction
through cell autonomous and non-autonomous mechanisms (Figure 1-12). The
senescence program is firstly settled by a permanent cell-cycle arrest, thus in a cell-
autonomous manner, senescent non-cycling stem and progenitor cells deplete the
stem-cell pool, contributing to a decline in tissue regeneration potential.’>? The pool
of functional HSCs declines with age and is directly correlated with lifespan.®
Indeed, the replacement of aged HSCs with young-donor HSCs transplantation,
reduced frailty and increased longevity in recipient old mice.’®® Additionally,
Moiseeva et al., demonstrated that, senescent skeletal muscle stem and progenitor

cells, with a clear reduced proliferative capacity, were detrimental to regeneration

of damaged muscle, in both young and old mice.2®*
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Figure 1-12. Chronic cellular senescence in age-related conditions. Autonomous and non-
autonomous mechanisms for senescence-induced tissue damage, age-related deterioration
and tumorigenesis.

Moiseeva and colleagues also demonstrated that, senescent cells in damaged
young muscles modified their niche and created an aged-like inflamed
microenvironment that blunted muscle regeneration through non-autonomous
mechanisms.’* This work clearly demonstrates the deleterious impact of senescent
cells because of a combination of both depletion of the mitotically active progenitor
pool and a SASP-induced inflammatory damaging environment. However,
considering that the abundance of senescent cells is relatively low, achieving a

maximum of 15% of nucleated cells in very old primates, the relevant impact of
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senescence on tissue homeostasis, points to SASP as the main mediator of chronic

tissue damage.181:18

Senescent cells, through their SASP, can spread the senescence phenotype to
healthy neighbouring cells and increase the senescent burden within a tissue,
intensifying age-related tissue deterioration. The impact of this bystander effect or
paracrine senescence on aging is clearly observed in parabiosis experiments. In
heterochronic parabiosis, involving the pairing of a young with an old mice, the
exposure to an old circulatory system enhanced cellular senescence, increased the
expression of SASP markers in several tissues and was associated with premature
tissue damage in young mice.’®®87 Xu and colleagues further demonstrated that the
transplantation of a relatively small numbers of senescent cell into the peritoneal
cavity of young mice was sufficient to cause persistent frailty, as well as to spread

cellular senescence to host tissues.®®

Acute senescent cells are properly cleared by the immune system, however,
the increased burden of senescent cells in aged tissues, point to an inefficient
removal by the immune system. This could be explained as the rate of senescent
cells production outnumbers the rate of clearance and/or the aged immune system
is unable to clear senescent cells. Actually, with aging, the immune system also
experience senescence, impairing both the innate and adaptive responses.®
Interestingly, the number of T cells and natural killer cells, the main effectors on
clearing senescent cells, was significantly decreased in a mouse model of premature
immunosenescence. The impaired immune surveillance, together with the effect of

paracrine senescence, caused systemic aging, multi-organ tissue degeneration, and

shortened lifespan.®

A high burden of senescent cells, chronically present within a tissue, can

additionally induce aberrant cell differentiation, structurally disrupt the extracellular
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matrix, and establish a pro-inflammatory milieu.’®> SASP can impair cell
differentiation, both in stem and in adult differentiated cells. In young, healthy
individuals, HSCs differentiate into balanced myeloid and lymphoid lineages.
However, aging in the BM niche is characterized by increased senescence and low-
grade chronic inflammation that contributes to HSCs myeloid biased differentiation.
Thus, increasing the prevalence of anemia and compromised adaptive immunity
observed in the old.’®***! Importantly, in the old BM niche there is also a skewed
MSCs differentiation, towards the adipogenic lineage. The increased marrow
adiposity, further impairs hematopoiesis and bone homeostasis, by promoting

myelopoiesis over lymphopoiesis and adipogenesis over osteoblastogenesis.??

Ninety percent of cancers are diagnosed in those aged more than 50 years and
chronic senescence appears to establish permissive conditions for cancer growth,
invasion, and metastasis.'®® SASP proteases cleave and release ECM-bound cytokines
and growth factors supporting cancer cell proliferation, epithelial-to-mesenchymal
transition and angiogenesis.’® Importantly, senescent cells can also promote
immunosuppression and cancer immune evasion. Ruhland and colleagues
demonstrated that stromal-derived SASP-factor IL-6 attracts myeloid-derived
suppressor cells (MDSCs) capable of inhibiting T-cell anti-tumoral responses resulting

in unrestrained tumor growth.>

2.2.2 Therapy-induced senescence

Genotoxic and cytotoxic therapies used to control cancer cells increase
survival rate, however these also impact on non-cancer cells inducing premature
senescence. Therapy-induced senescence establishes a chronic local and systemic
inflammation that predisposes cancer survivors to prematurely develop age-related

conditions.
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A prospective assessment of health outcomes among adults surviving
pediatric malignancies revealed that individuals developed a substantial number of
pathologies that are more prevalent in the old. The adverse late-onset side effects
of cancer therapies include organ dysfunction, cognitive impairment, frailty and
secondary neoplasms.’®® Mice treated with the chemotherapeutic doxorubicin at
their juvenile stage, exhibited kyphosis, corneal opacity and decreased muscle mass

in their adulthood.'®’

Adult individuals receiving chemotherapy also accumulate senescent cells in
different tissues. The level of cellular senescence in humans can be easily assessed
in blood samples, by measuring p16 expression in peripheral blood T cells (PBTLs) %,
This is considered a biomarker of aging as the level of pl6 expression in PBTLs
strongly correlates with chronological age. After chemotherapy treatment, patients
experience a rapid increase in the levels of senescent PBTLs, that remain elevated
for more than a year. Surprisingly, the therapy-induced increased p16 expression in
PBTLs was equivalent to increases seen with 10-15 years of chronological aging,
strongly demonstrating that chemotherapy accelerates the pace of physiological

aging.'*

In adult mice, a single dose of doxorubicin is sufficient to increase the burden
of senescent cells and prematurely cause health conditions such as thrombosis,
fatigue, cardiac dysfunction, cognitive impairment and osteoporosis.12%200-203
Importantly, these pathological conditions were successfully prevented by clearing

senescent cells and/or inhibiting SASP secretion.
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2.2.3 Cellular senescence in osteoporosis

The casual role of senescence on bone loss was throughly investigated in

progeroid, therapy-induced and aging-related osteoporosis.

Lessons from progeroid syndromes

Mutations in different components of the DDR and/or the DNA repair
mechanisms cause progeroid syndromes in humans, such as Seckel syndrome,
Werner syndrome, or xeroderma pigmentosum, all of them associated with skeletal

defects and premature osteoporosis.*

To investigate the mechanism by which DNA damage leads to accelerated
bone aging in progeroid syndromes, Chen and colleagues analysed bones from mice
deficient for the gene encoding the endonuclease excision repair cross-
complementary group 1 (ERCC1). These DNA repair-deficient mice developed
premature severe osteoporosis, due to reduced number of osteoblasts and
increased number of osteoclasts. Interestingly, BM-MSC isolated from these mice
revealed increased expression of senescence markers and secretion of pro-
osteoclastogenic SASP factors, including IL-6, TNF-a and RANKL. Pharmacological
inhibition of SASP secretion successfully reverted BM-MSC senescence and SASP-
sustained osteoclastogenesis.?®* This was the first experimental demonstration
supporting that cellular senescence, through SASP, could be directly inducing bone
loss by impairing osteoblastic bone formation and favouring osteoclastic bone

resorption.
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Premature bone loss

Premature bone loss observed in patients receiving radio- and chemotherapy
was also demonstrated to be associated with cellular senescence and inflammatory

SASP.

The bystander effect of radiotherapy to normal bone was assessed by
performing focal radiation on mice bones. Instantaneously after radiation, p21 and
plé overexpression on osteoblasts and osteocytes activated the senescence
program, promoting a sustained secretion of SASP factors and an accumulation of
senescent cells in osteoporotic bones. Importantly, senescent cell clearance reduced
burden of senescent cells and the level of SASP, alleviating radiotherapy-related

bone deterioration.?®

Considering that chemotherapy induces premature osteoporosis, several
groups aimed to identify the underlying mechanism. Recently, Yao and colleagues
identified cellular senescence as the major driver of bone loss and as a relevant
therapeutic target to preserve bone and improve the quality of life in cancer
survivors. Doxorubicin induced osteoporosis in vivo and senescence of both resident
bone cells and bone-marrow derived cells. The clearance of senescent cells and the
pharmacologic inhibition of SASP secretion resulted in preservation of bone integrity

in chemotherapy-treated mice.2%

Senescence in age-related bone loss

In conditions causing premature aging there is a clear direct insult activating
the senescence program and the uncontrolled accumulation of senescent cells.
However, whether cellular senescence had a causal role in the bone loss that occurs

in natural, chronologically aged mice and humans remained elusive for many years.
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Dr. Joshua Farr and Dr. Sundeep Koshla collaborated in seminal work in the
field of age-related bone loss, aiming to solve key questions: Do senescent cells
accumulate in the bone microenvironment with natural aging? What type(s) of cell(s)
within the bone microenvironment become senescent with natural aging? Do any of
these populations of various senescent cell types produce a SASP? Can age-related

bone loss be alleviated in old mice?

Farr and colleagues identified that natural, chronological aging causes the
accumulation of senescent BM-MSC, osteoblasts, osteocytes, B cells, T cells, and
myeloid cells.?®” The expression of p16 in osteocytes dramatically increases at
eighteen months of age, coinciding with the timing of accelerated age-related bone
loss.2% Indeed, 24-month-old bones had 5.5 times more senescent osteocytes than
6-month-old mice. Importantly, these findings extend to humans, as needle biopsies
of bone from young (mean age, 27 years) and old (mean age, 78 years) healthy
female volunteers revealed that old bones had increased cellular senescence and

expression of general SASP factors.?%’

Altogether, the evidence suggests that with natural aging, various cell types
within the bone microenvironment undergo senescence, although senescent BM-
MSC, senescent osteocytes, and senescent myeloid cells, appear to be key producers
of the SASP.%2% The idea that osteocytes can undergo senescence may seem
contradictory. However, although cellular senescence was historically considered to
only occur in proliferating cells, several reports demonstrated that post-mitotic cells,
including neurons, hepatocytes, and adipocytes can exhibit several key features,

including increased expression of p16 and secretion of SASP factors.2"’

To finally establish a causal role of cellular senescence in bone loss with aging,
Farr and colleagues demonstrated that targeting senescent cells had both anti-
resorptive and anabolic effects, increasing bone mass and strength and improving
bone microarchitecture. Genetic and pharmacological clearance of senescent cells in

20- to 22-month-old mice with established osteoporosis, reverted bone loss.
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Importantly, this reversion was also accomplished by inhibiting SASP, showing that,
in the aging bone, senescent cells act mainly through non-autonomous mechanisms
(Figure 1-13). Indeed, eliminating senescent cells or inhibiting their SASP, reduced
osteoclastic bone resorption, increased bone formation and prevented excessive

accumulation of MAT.2%8

t Senescent cell burden

Normal BMD ﬁ Osteoporosis

+ Senescent cell burden
or
1 SASP

Figure 1-13. Cellular senescence in osteoporosis. Impact of senescent cell burden and SASP
in bone health.

So far, researchers had proved that different populations of senescent cells in
the bone microenvironment were associated to age-related bone loss. However,
which cells are the primary SASP producers orchestrating bone deterioration
remained to be ascertained. In 2019, Kim and colleagues obtained unexpected
results from the clearance of senescent cells using the p16-3MR mice model, that

allowed them to suggest that senescent osteocytes must be the seminal culprits.10®

The p16-3MR transgene induces clearance of pl6 expressing cells in the
presence of the antiviral ganciclovir.?®? Similarly to the INK-ATTAC mice, the p16-3MR
transgene effectively depleted senescent cells in the liver, lungs, muscle, and bone-

marrow, including osteoclasts precursors. However, activation of the p16-3MR
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transgene in old mice, did not ablate senescent osteocytes, and did not alter bone
mass, strength, and microarchitecture. These results were surprising, and although
the reason for the lack of efficacy of the transgene in osteocytes remains unclear,
the experiments allowed to conclude that senescent cells of the hematopoietic
lineage, including senescent osteoclast progenitors do not impact on bone
homeostasis and that senescent osteocytes may be orchestrating age-related bone

loss.106

2.3 Senotherapies

The positive pre-clinical evidences defined the first stones for the
development of senotherapies, aiming to improve healthy human lifespan.’?
Senotherapies can be largely categorized into senolytics, that selectively Kill
senescent cells, and senomorphics, that inhibit SASP secretion, keeping senescent

cells intact.

Senescent cells are resistant to apoptosis by inducing pro-survival pathways.
Based on this, Zhu and colleagues discovered targetable pro-survival pathways and
identified drugs that preferentially induce apoptosis of senescent cells. From these
first experiments, the group proposed the combination of dasatinib (D), an FDA-
approved tyrosine kinase inhibitor, and quercetin (Q), a natural flavanol that inhibits
PI3K and other kinases, as the first senolytic compounds.’®! These drugs proved to
reduce frailty and extend healthspan in several murine systems. Indeed, D+Q are
currently being tested in several clinical trials, being of special interest for the field
of bone senescence: i) An Open-label intervention trial to reduce senescence and
improve frailty in adult survivors of childhood cancer (NCT04733534); ii) Targeting
cellular senescence with senolytics to improve skeletal health in older humans

(NCT04313634).
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The senescent program is highly heterogenic and even the same insult can
make different cell types depend on distinct pro-survival pathways, thus having
variable susceptibilities when targeted for clearance. Indeed, D+Q and other

senolytic compounds showed a high degree of cell and tissue specificity.?*

ABT263 (also known as navitoclax) is a specific inhibitor of the anti-apoptotic
Bcl-2 family proteins, that demonstrated to have broad spectrum of activity and to
be a potent senolytic drug. ABT263 rejuvenated aged hematopoietic and muscle
stem cells and prevented age-related cognitive impairment.?%2!! |n cancer therapy,
ABT263 reduced the number of senescent cells and the adverse side effects caused
by the chemotherapeutic agent Doxorubicin.?%%22 However, it is worth noting that
navitoclax can cause thrombocytopenia and neutropenia, thus having rather limited

application to relief senescence in humans.**!

Other senolytic strategies that diversify in the targeted senescent feature are
being developed. For example, lysosomal and SA-B-gal-activated prodrugs and

nanoparticles, immune-mediated clearance, and antibody—drug conjugates.’>!

Suppressing the SASP without eliminating senescent cells is an alternative
therapeutic approach for alleviating senescence-related diseases. Senomorphics,
such as rapamycin, metformin and ruxolitinib, have been demonstrated to prevent
age-related bone loss, and extend both healthspan and lifespan in animal

models 151,208,213

Although important advances in the field of senotherapies have been made,
several reports alert that both senolytics and senomorphics cause off-target effects,
through targeting shared critical pathways between senescent and non-senescent

cells.?3

53



Introduction

Intriguingly, although chronic senescence is considered to be damaging, long-
lasting senescent pancreatic beta cells have enhanced capacity to secrete insulin
after glucose stimulation.?'* Additionally, Grosse and colleagues, demonstrated that
clearance of chronic senescent liver endothelial cells caused tissue fibrosis and
health deterioration. Therefore demonstrating that senotherapies have to be
considered with caution as, in some tissues, senescent cells may have important

structural and functional roles in the aging organism.?%®

Targeting the pro-inflammatory SASP is also very challenging considering that
the senescent secretome is highly cell-specific, stress-specific, and can further
change over time.’® Further, SASP complexity and heterogeneity gets multiplied
considering that during aging there is a combination of different stressors acting

simultaneous on a cell.’™*

Sensibly, researchers agree that the future of senotherapies require to fully
understand the signature of senescent cells and target specific features of chronic

senescence causing tissue deterioration.*
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3 The complement system

The complement system is a part of the innate immune response crucial for
the rapid defence of the host against exogenous pathogens and endogenous
damaged cells. The danger molecules are readily recognized and activate a cascade
reaction of proteases that cleave and activate complement effector proteins. Indeed,
more than 40 membrane-bound and soluble factors act in a cascade-like system to
induce their physiological effects. The main complement response is to opsonize the
invading pathogen, induce cytolysis and attract other innate and adaptive immune

effectors.?%®

Although the main goal is to powerfully alert and quickly eliminate the danger
signal, the complement system also perform non-immune functions in several
organs.?t” Understanding the activation, modulation and impact of the main
complement effectors is currently unravelling undescribed surprising implications of

the pathway in homeostasis and disease.

3.1 Activating the complement system

Depending on the initial signal, the system can be activated through three
pathways: the classical, the lectin and the alternative pathway. All pathways
converge in the common assembly of the C3 convertase, starting the amplification
loop of the alternative pathway and activating the terminal complement complex

(Figure 1-14).
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Figure 1-14. The complement system. Complement activation through the classical, lectin

and alternative pathways (red). Involved protein and proteases in the cascade are highlighted

in blue and yellow, respectively. The amplification loop and final effectors are highlighted in

green. Image adapted from Qin S et al.2®®

3.1.1 The classical and lectin pathways

The classical pathway can be directly activated by foreign antigens, apoptotic

cells and through recognition of antibody-antigen complexes. Pathogen or damage-

associated molecular patterns are recognized by the C1 complex. This complex is

composed of one pattern recognition molecule Clq, and four molecules of inactive

serine proteases: two Clr and two Cls. The Clq binding to antigens or antigen-
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antibody complexes, induces a conformation change leading to the activation of the
autocatalytic enzymatic activity in C1r. The activated Clr cleave and activate Cls,
that itself processes proteolytically the C4 and C2 complement factors into the small
fragments Cda and C2a and into the large fragments C4b and C2b. The large

fragments interact to form the classical C3 convertase (C4b2b complex).?*®

The lectin pathway is readily activated by carbohydrate structures that are
exposed on foreign, damaged, or necrotic cells. The danger patterns are recognized
by mannose-binding lectin (MBL), ficolins 1-3 or collectin 11. These pattern
recognition proteins are in complex with MBL-associated serine proteases (MASPs)
MASP1 and MASP2 that share structural similarity with C1r and C1s of the classical
pathway. The activation, first of MASP1 and then of MASP2, leads to the cleavage of
C4 and C2 into C4a, C4b, C2a and C2b. Again, C4b and C2b ensemble the classical C3

convertase.??°

The classical C3 convertase is a serine protease that catalyses the cleavage of
C3 into C3a and C3b. C3a is a potent anaphylatoxin that will be further discussed.
The large fragment C3b binds to the cell surface acting as an opsonin, tagging, and
facilitating the phagocytosis of the pathogen or endogenous insult. C3b additionally

participates in the activation of the alternative pathway.

3.1.2 The alternative pathway

The alternative pathway (AP) is not directly activated by pathogen- or damage-
associated patterns, having the membrane-bound C3b and a hydrolyzed form of C3
(C3(H,0)) as the initiation signals. The AP has a constant low-level activation that
keeps complement alert and allows constant probing of cells on a process known as
tick-over. During tick-over, a spontaneous hydrolysis of C3 occurs generating soluble

C3(H,0).2"
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Binding of complement factor B (CFB or B) to C3b or C3(H20) allows the
proteolytic processing by complement factor D (CFD), yielding the noncatalytic chain
Ba and the catalytic subunit Bb. This processing generates the alternative C3
convertases (C3bBb and C3(H,0)Bb) that can further cleave C3 into C3a and C3b. The
new generated C3b can further bind to the cell-surface and interact with CFB, making
the building blocks for assembling more alternative C3 convertase. This results in an
amplifying cycle right at the heart of the cascade which transforms a small trigger to
massive downstream effect. Therefore, the AP has a critical role in amplifying the

complement response independent of the initiating pathway.

In addition to potentiating this positive feedback loop, C3b is essential for the
assembling of the classical and alternative C5 convertases. The interaction of C3b
with C4b and C2b, from the classical and lectin pathways, generates the classical C5-
convertase (C4b2b3b), while the interaction with the alternative C3 convertases
(C3bBb + C3b or C3b(H,0)Bb + C3b) generates the alternative C5 convertase
(C3bBb3b and C3(H,0)Bb3b).?22 The C5 convertases proteolyze C5 into C5a and C5b.
The small fragment C5a is a potent proinflammatory anaphylatoxin and the smaller
fragment C5b sequentially bind to C6, C7, C8 and C9 to conform the terminal
complement complex (TCC). C5b-C9 conform a pore structure in the surface of cell-

membranes inducing cytolysis.

When a foreign cell is identified by the classical and lectin pattern recognition
proteins or by the basal AP tick-over activity, a potent complement response is
activated and amplified. Opsonization by complement fragments C2b, C4b, C3b
enable the formation of the C3 and C5 convertases. The production of
proinflammatory anaphylatoxins C3a/C5a recruit macrophages and other immune
cells to enable phagocytosis and activate downstream adaptive immune responses.
Additionally, the terminal complement complex induces the formation of a lytic pore

(Figure 1-15).
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Figure I1-15. Complement response against foreign or microbial cells. Complement activation
through the classical and/or lectin pathogen recognition receptors to induce potent
opsonization, amplification, inflammation, and cell lysis. Image adapted from Ricklin D et
01.223

3.1.3 The extrinsic pathway

Besides the classic, lectin and alternative activation pathways, complement
can be activated by serine proteases of the coagulation cascade. Proteases such as
plasmin, thrombin, kallikrein, and factors Xa and Xla can cleave C3 and C5, leading to
biologically active anaphylatoxins in the absence of the convertases.?>7%
Interestingly, complement factors also activate and amplify the coagulation cascade

defining a crosstalk that enhance local clotting to prevent microbial spread through

the circulation.??,
3.1.4 Systemic and local complement system

The liver is the primary site for the synthesis of most complement proteins.
However, complement factors, including C3 and C5 can also be expressed by immune

and non-immune cells in extra-hepatic tissues. Besides being synthesized locally, the

complement system can also be locally activated and modulated, as different cell
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types have been demonstrated to directly generate bioactive anaphylatoxins C3a
and C5a.22”228 Indeed, the tissue-specific expression patterns of complement genes
is of interest to understand the influence of systemic and local complement

activation in health and disease.??

3.2 Modulating the complement system

The rapid-acting and powerful complement response is tightly modulated into
a perfect balance that allow sufficient flux through the pathway to recognize
appropriate targets, while limiting an uncontrolled activation or excessive
amplification. To achieve this, healthy cells express membrane-bound and soluble
complement regulatory proteins (Figure 1-16).

Healthy self-cell Challenged / diseased cell
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Figure 1-16. Complement system modulation. Impact of proper regulatory mechanisms to
prevent complement self-attack and uncontrolled hyperactivation triggering immune and
inflammatory diseases. Image adapted from Ricklin D et a/.??3

The protease Cl-inhibitor, binds to and inactivate the C1 complex and the
MASP-1 and -2 proteases, regulating the activation of the classic and lectin pathways.
The modulatory protein CD46, CD35, C4-binding protein and factor H function as
cofactors for factor |, a serine protease that catalyses the cleavage and inactivation
of C3b and C4b. Both factor H and CD55 (also known as decay accelerating factor,

DAF) induce a rapid dissociation of the Bb catalytic subunit present in the
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convertases, leading to inactivation of both C3 and C5 convertases %%, The
membrane-bound CD59 prevents the interaction of C9 with the C5b-8 complex,

avoiding the unspecific activation of the terminal complement complex.?223°

Disruption of these regulatory mechanisms lead to self-attack and trigger
immune and inflammatory diseases. The most well-described example of this is
paroxysmal nocturnal haemoglobinuria (PNH), a rare condition characterized by
intra- and extravascular haemolysis and venous thrombosis. The disease is
characterized by acquired mutations in the gene phosphatidylinositol glycan class A
affecting HSCs. HSCs-arising cells, such as erythrocytes and platelets, lack
glycosylphosphatidylinositol-anchored proteins, including the regulatory CD55 and
CD59, and therefore succumb to autologous complement attack and terminal

complement complex-mediated intravascular haemolysis.?3!

Direct inhibitory mutations in regulatory proteins CD46, factor | and
autoantibodies against factor H have been observed in atypical haemolytic uremic
syndrome (aHUS). aHUS is a kidney disease characterized by complement
hyperactivation leading to endothelial damage and small-vessel thrombosis.?*? The
definition of the primary role of the complement system in the pathogenesis of PNH
and aHUS represented the foundation of complement therapies and sustained the
clinical approval of the first complement-specific drug: the antibody against C5

eculizumab.

The clinical use of eculizumab have contributed to a growing confidence in
therapeutic complement inhibition. Indeed, the favourable safety data obtained so
far and the increasing reports demonstrating the involvement of complement in a
wide range of clinical conditions have boosted the research and development of

novel drugs targeting various stages of the complement cascade.?'’

Excessive or deregulated complement activation and consequent

hyperproduction of the proinflammatory anaphylatoxins C3a and C5a, has been
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linked to the pathogenesis of various immune, inflammatory, neurodegenerative,
ischemic and age-related diseases.?”® Therefore, C3a and C5a are in the spotlight to

expand the knowledge on complement mediated health conditions.

3.3  The anaphylatoxins C3a and C5a in health and disease

The complement response relies on the proinflammatory actions of the
anaphylatoxins C3a and C5a, mediated through the interaction with their
corresponding G-protein-coupled seven-transmembrane-spanning receptors C3aR1
and C5aR1, respectively. Although being mostly abundant in cells of the myeloid
origin, both receptors are ubiquitously expressed in immune and non-immune

cells.?%®

The proinflammatory signals of C5a are thought to be limited by a second C5a
receptor, C5aR2. This is a seven-transmembrane-receptor, uncoupled from G-
proteins, expressed at lower levels than C5aR1.2*3 C5aR2 was historically described
as a scavenger receptor of C5a, thus having anti-inflammatory functions.?3%23%
However, its exact roles are not fully determined, and C5aR2 remains at the centre
of controversy, with existing findings supporting both immune-activating and

inhibitory functions.?3423¢

3.3.1 Acute complement activation

C3a, and especially C5a, are powerful chemoattractants that guide
neutrophils, monocytes and macrophages toward sites of complement activation.??®
Indeed, C5a is 50- to 100- times more potent than C3a in their action on inducing
chemotaxis of immune cells towards damaged tissues.?®’ C5a can further act as a

secretagogue, and eliciting degranulation of polymorphonuclear leukocytes.?*® The
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release of vasoactive substances and the direct activation of complement receptors

in endothelial cells further contribute to vasodilation and capillary leakage.?2*%28

Besides mediating the innate immune response, both anaphylatoxins act as a
bridge between the innate and adaptive immune systems. C3a and C5a modulate
the activation and function of antigen-presenting cells and participate in the
immunosynapse with T cells. Indeed, dendritic cells lacking either C3aR1 or C5aR1,
have a less activated phenotype, with reduced capacity for antigen uptake and
presentation, with a consequent lowered ability to stimulate T cell responses.??®
Additionally, the direct influence of C5a and C3a on T cells mediate cell trafficking,
activation and survival.?®® Altogether, the complement-mediated innate and
adaptive responses contribute to an efficient acute inflammatory response, essential

to guarantee organismal integrity.

The anaphylatoxins present in injured tissues also contribute to repair and
regeneration by directly modulating non-immune cells.?*® Engagement of C3aR1 and
C5aR1 in MSCs, induced ERK-mediated actin polymerization, a signal crucial to
promote motility.?*?*2 Besides promoting the recruitment of MSCs towards
damaged and inflamed regions, C3a and C5a protect MSCs from oxidative damage,

ensuring its viability in such challenging environment.?*?

The essential role of C3a and C5a in tissue regeneration was perfectly
demonstrated in the experimental model of liver regeneration after partial
hepatectomy. C3- or C5-deficient mice exhibited high mortality, parenchymal
damage, and impaired liver regeneration after partial hepatectomy. Importantly,
reconstitution with C3a or C5a was sufficient to reverse liver damage and

significantly restore hepatocyte proliferation.?*

Unexpectedly, the beneficial roles of transient complement activation can also
be mediated through anti-inflammatory actions. This was demonstrated in a model

of traumatic spinal cord injury, where genetic ablation of C3aR1 exacerbated
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inflammation and magnified tissue damage.?*

Brennan and colleagues
demonstrated that the C3a/C3aR1 axis exerted neuroprotection by attenuating

acute inflammation and neutrophil responsiveness following injury.

However, excessive complement activation following trauma can increase
tissue damage and impair wound healing. Complement hyperactivation was
observed in the fibrotic lungs of both mice and humans and the pharmacologic
blockade of C5aR1 and C3aR1 in the bleomycin-induced lung injury mice model

24

successfully attenuated fibrosis *. Indeed, C3a and C5a were demonstrated to

mediate fibrosis in renal, ocular, and pancreatic diseases.?46-248

3.3.2 Chronic complement activation

More recently, chronic complement activation was also found in age-related
conditions. Complement C3 and C4 levels have been shown to correlate with age,
and serve as predictors of biological aging.?* Specifically, centenarian longevity was
found to be negatively correlated with C3 and C4 levels.”®® Another study
demonstrated that the reduction of C3 levels improved the behaviour and extended

the lifespan of C. elegans.?>!

Although the relationship between organismal aging and complement activity
remains unclear, several reports demonstrate that complement may accelerate the
onset and exacerbate the pathogenesis of age-related diseases, including age-
related macular degeneration, Alzheimer’s disease, cancer, and osteoarthritis

(Figure 1-17).
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Age-related diseases
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Figure I-17. Chronic complement system in age-related diseases.

Age-related macular degeneration (AMD) is a chronic and progressive
degenerative disease of the retina, which culminates in blindness, being the leading
cause of irreversible vision loss in people older than 60 years.?? Although the
pathogenesis of AMD is not fully understood, several studies have identified the
locally activated complement system as an important player, and the efficacy of
pharmacological complement inhibition is currently being tested in several clinical
trials.?®® Indeed, many of the genetic risk variants cluster in complement genes
encoding C3, factor H and factor | and the retinal lesions contain C3a and C5a

deposits, revealing a clear.??3

Aging is the main risk factor for the development of Alzheimer’s disease, the
leading cause of dementia affecting around 50 million people worldwide.?** This
devastating neurodegenerative disorder is clinically characterized by the
accumulation of amyloid fibrils, progressive deterioration of memory and other
cognitive functions.?>.Reduction of C3 levels in aged mice, attenuated multiple
markers of neuroinflammation and improved spatial reference.?®® Mice lacking
C3aR1 or pharmacologic inhibition of the receptors C3aR1 or C5aR1 attenuated age-
related microglial reactivity, improved memory performance, reduced amyloid

deposits and neurodegeneration.?*®%” The local hyperproduction of anaphylatoxins
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may attract microglia and astrocytes, increase the release of cytokines and reactive
oxygen species, contributing to inflammation and accelerating neuronal

dysfunction.?#

Many types of cancer are essentially age-related diseases, as their frequency
dramatically increases with age.?® The ability of complement anaphylatoxins to
induce chemotaxis can be exploited by cancer cells to propel cell migration. Indeed,
C5aR1 was found to be aberrantly expressed in various human cancers. Increased
C5a/C5aR1 signalling promoted cancer cell invasion through, induction of epithelial-
to-mesenchymal transition, motility activation, and matrix metalloproteinases
release.?®92%1 The complement anaphylatoxins can also contribute to tumor growth
by promoting angiogenesis, inducing proliferation, preventing apoptosis and
suppressing anti-tumor immunity-%2 A pan-cancer analysis, further revealed that C3,
C5, C3AR1, and C5AR1 expression levels were strongly associated with prognosis and
therapy response, suggesting that complement could be considered as a strategic

target for cancer treatment.?®3

Osteoarthritis is the most common degenerative joint disease and a leading
cause of pain and disability among older individuals.?®* The complement system was
found to be locally hyperactivated in human osteoarthritic joints and synovial fluids,
and C5 deficiency or pharmacologic inhibition protected mice against
osteoarthritis.?%52% Specifically, blockade of alternative pathway amplification
prevented neutrophils infiltration into joints, a critical event in the pathogenesis of

osteoarthritis. 267268

Only recently, the implication of the complement system in the pathogenesis
of osteoporosis, is starting to be uncovered. Indeed, this thesis contributes with
novel and relevant knowledge on the involvement of senescence-induced
complement activation in different osteopenic conditions. Therefore, due to the
limited research existent in the field, previous references and the results obtained in

this thesis will be thoroughly integrated in the Discussion chapter.
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Overall, considering the destructive power of an hyperactivated complement
system, controlling this response is critical in both physiological and therapeutic

contexts.

3.4 Complement factor D: the rate-limting enzyme

The alternative pathway is responsible for the processing of more than 80% of
both C3 and C5, therefore, being the main source of the effectors C3a, C3b, C5a and
C5b. These not only feed the amplification loop, but also directly boost inflammatory
responses and promotes the terminal complement complex formation.?®® This
pathway is tightly regulated by CFD, the rate-limiting enzyme essential in the
formation of the alternative C3 convertase, consequently influencing the
downstream amplification of the pathway. Additionally, because the classical and
lectin pathways converge in the amplification loop of the alternative pathway, CFD

also indirectly modulates the outcomes of these pathways.?”°

CFD, also known as adipsin, is a 24 kDa soluble serine protease mainly secreted
by adipocytes as a proenzyme that requires cleavage of a 6-amino acid peptide for
maturation. The mechanism of maturation is quite controversial and although it was
demonstrated that MASP-3, a splicing variant of MASP-1, is the pro-factor D
activator, a recent report found that MASP-3 deficiency does not completely
abrogate the activity of the alternative pathway.?’?’2 |nterestingly, the authors
proposed that pro-factor D possess an intrinsic catalytic activity that could be

relevant in vivo.

CFD predominantly exists in its mature form and has no known endogenous
inhibitors, therefore, to prevent unspecific activity this enzyme has a “self-inhibitory

loop”. This loop dictates CFD specificity towards its unique substrate: C3b-bound
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factor B. The interaction induces an activating conformation switch and the cleavage

of factor B into factor Bb to generate the alternative C3 convertase.?”

The influence of CFD levels on the flux the alternative pathway was first
observed to be clinically relevant in patients with inactivating mutations in the
complement factor D gene, experiencing increased susceptibility to bacterial
infections.?’#?’> Further, local administration of a neutralizing CFD antibody
demonstrated to be sufficient to prevent complement activation in vivo.?’®
Therefore, direct modulation of CFD levels and activity is being considered a strategic
target for regulating the amplifying response of the alternative pathway in several

complement mediated pathologies, including PNH, AMD and osteoarthritis.?”’-2"°

Overall, CFD appears as a critical modulator of the C3a and C5a levels,
influencing the consequent implications of the complement system in age-related

conditions.
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Objectives

The clearance of senescent cells and the inhibition of their SASP prevents age-
related and therapy-induced bone loss. However, the exact mechanisms and

molecules by which senescent cells and SASP alter bone homeostasis remain unclear.

Hence, and to expand on our knowledge of senesce-induced bone loss, this

thesis will tackle three main objectives:

| Identify the factor(s) directly secreted or indirectly modulated by

senescent BM-MSC and osteocytes.

Il Analyse the impact of this signalling molecule(s) on bone cells: BM-MSC,

osteoblasts, osteocytes, osteoclast progenitors and osteoclasts.

Il Therapeutically intervene to modulate and alleviate senescence-

induced bone loss.
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1. Chemotherapy-induced senescence leads to bone loss

To study the effects of senescence in chemotherapy-induced bone loss, we
used the anthracycline agent doxorubicin (DoxoR), that is employed to treat several
types of cancers.’® Doxorubicin induces DNA damage, promotes senescence and
results in bone loss both in mice and humans.'?%!?2 15-week-old mice received a
single intraperitoneal dose of 10 mg/kg of doxorubicin. This dose is similar to the one
that human patients receive, which induces an antitumor response but is far below
the maximally tolerated doses in mice.?® We combined this treatment with the
senolytic compound ABT263 at a daily oral dose of 50 mg/kg in two alternate weeks
(Figure R-1 A). ABT263 is a specific inhibitor of BCL-2 and BCL-xL that selectively
induces apoptosis of senescent cells in vivo.?'° Doxorubicin induced a reduction in
the weight of mice after 30 days, a common side effect of cancer treatment.?®

Importantly, ABT263 alone had no significant influence on mouse weight (Figure R-

1B).
A
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Figure R-1. Mouse model of therapy-induced senescence. (A) Schematic representation of
the Doxorubicin-induced senescence model. At day 0, 15-week-old mice received either
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vehicle or Doxorubicin (10 mg/kg, intraperitoneal). For an entire week, starting at days 7 and
21, mice received ABT263 (50 mg/kg, daily oral gavage) or vehicle 2. (B) Body weight curves
of vehicle- (Control), ABT263-, Doxorubicin- and Doxorubicin + ABT263-treated mice. n = 6-
10. Data are shown as mean + SEM *p < 0.05. Statistics were calculated considering the
overall area under the curve.

Bone samples from the femur and tibia enriched in osteoblasts and
osteocytes, by removal of the bone marrow, were collected 30 days after
doxorubicin treatment. Consistent with the induction of senescence in vivo, 30 days
after doxorubicin treatment, bone samples exhibited increased mRNA levels of the
genes involved in cell-cycle arrest p21 (Cdknla), pl6 (Cdkn2a) and the SASP
component Csf2. Moreover, although it did not modify basal expression, ABT263
partially prevented the increase in mRNA of Cdknla, Cdkn2a and Csf2, suggesting
that ABT263 can reduce the burden of doxorubicin-induced senescent bone cells

(Figure R-2 A).

To confirm that therapy-induced senescence causes an osteoporotic
phenotype, we analysed the bone microarchitecture at the tibial metaphysis and
mid-diaphysis by micro-computed tomography scanning (uCT). Doxorubicin-induced
senescence impaired both trabecular and cortical bone architecture. Senescent
bones had lower cortical bone volume associated with reduced cortical thickness,
whereas the bone perimeter around the midshaft was not affected (Figure R-2 B).
Moreover, tibiae presented lower trabecular bone volumes, resulting from a
significantly lower trabecular number (Figure R-2 C). ABT263 prevented all these
osteopenic effects on bone parameters to about the same extent that it prevented
the expression of senescent cell markers in bone samples. Altogether, these data
show that even a single doxorubicin insult leads to increased expression of

senescence gene markers and permanent bone loss.
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Figure R-2. Chemotherapy-induced senescence leads to bone loss. (A) RT-gPCR of
senescence markers Cdknla, Cdkn2a, Il1a, 16 and Csf2. RNA isolated from the tibiae and
femurs of Control-, DoxoR-, ABT263- and DoxoR + ABT263-treated mice. n = 4-6. (B)
Quantitative parameters and 3D-representation of cortical bone of tibiae measured by uCT.
n = 6-10. (C) Quantitative parameters and 3D-representation of the trabecular compartment
of tibiae measured by uCT. BV/TV: trabecular bone volume to total volume fraction. n = 6-
10. Data shown as mean + SEM *p < 0.05, **p < 0.01 and *** p < 0.001. One-way ANOVA.
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To further clarify the association between senescence and bone loss, we
performed Pearson’s correlation analysis of phenotype data from both RT-qPCR and
UCT (Figure R-3). We correlated trabecular bone volume to total volume fraction
(BV/TV) and trabecular number, with the mRNA expression levels of Cdknla and
Cdkn2a for all the experimental conditions. The expression of Cdknla and Cdkn2a
correlated negatively with BV/TV and Trabecular number. More importantly, as the
burst of senescent cells increases — Control and ABT263 having less, DoxoR + ABT263
having intermediate, and Doxorubicin having the higher number of senescent cells —

the volume of mineralised bone strongly decreases.
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Figure R-3. The burden of senescent cells correlates with the degree of bone loss. Pearson’s
correlation analysis between cell-cycle arrest genes (Cdknla and Cdkn2a) and pCT
parameters BV/TV and Trabecular Number of control-, ABT263-, DoxoR- and DoxoR +
ABT263-treated mice, n = 3-5. r: Pearson correlation coefficient.
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1.1 Chemotherapy-induced senescence promotes osteoclast function

Doxorubicin-induced bone loss, partially prevented by ABT263, clearly suggests
that senescent cells impair the bone remodelling process. Bone remodelling is tightly
regulated by the coordinated action of osteoblasts, osteocytes, and osteoclasts. To
analyse the overall number of these main actors, we performed histomorphometric
analysis of tibiae (Figure R-4 A).
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Figure R-4. Senescence-induced increase in the number of osteoclasts. (A) Histological
images of Control, ABT263, DoxoR and DoxoR + ABT263 bone samples stained with
hematoxylin and eosin (H&E), and tartrate-resistant acid phosphatase (TRAP) staining.
Trabecular and cortical compartments are shown for osteoblasts and osteocytes
identification (H&E) and TRAP-stained osteoclasts appear in red attached to bluish-trabecular
bone. Scale bars = 100 um. (B) Quantification of the number of osteoblasts per bone surface
(Osteoblasts /mm), osteocytes per cortical bone area (Osteocytes /mm2) and osteoclasts per
trabecular bone surface (Osteoclasts /mm). n = 4-6. Data shown as mean + SEM *p < 0.05
and *** p < 0.001. One-way ANOVA.
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The number of osteoblasts and osteocytes remained unchanged in
osteoporotic bones. By contrast, tartrate-resistant acid phosphatase (TRAP) staining
showed that doxorubicin almost doubled the number of osteoclasts covering the
bone surface. Again, treatment with ABT263 did not modify osteoclast numbers in
control mice but reduced the increase in the number of osteoclasts in doxorubicin-

treated mice (Figure R-4 B).

RT-gPCR analysis of bones further confirmed these data. The expression of the
osteoblastic genes Runx2, Osx/Sp7 and Collal was not modified in any condition,
whereas the expression of the osteoclastic markers Mmp9, Ctsk (Cathepsin K) and
Acp5 (TRAP) was increased in bones from Doxorubicin-treated mice and restored to
control levels upon treatment with ABT263 (Figure R-5). Therefore, demonstrating
that therapy-induced senescence may cause bone loss by increasing

osteoclastogenesis in vivo.
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Figure R-5. Doxorubicin-induced osteoclastogenesis in vivo. Gene expression of osteoblastic
(Runx2, Sp7 and Colla1) and osteoclastic (Nfatc1, Mmp9, Ctsk and Trap) markers quantified
through RT-gPCR from RNA isolated from bone (tibiae and femur) devoid of bone marrow. n
= 4-8. Data shown as mean + SEM *p < 0.05, **p < 0.01 and *** p <0.001. One-way ANOVA.

Increased MAT, due to a dysregulated equilibrium between adipogenesis and
osteogenesis, has been observed in pathological bone conditions, including aging,
oestrogen deficiency, obesity, and diabetes.?”?8! Considering the relevant impact of
MAT in bone health, we quantified the number of marrow adipocytes and analysed

the expression of adipocyte marker genes in the bone marrow of our treated mice.
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The number of adipocytes and the mRNA expression of Pparg, Cebpb, Fasn, Lipe and
Pnpla2 in the bone marrow was not modified in any condition, suggesting that, at
least in adult mice, enhanced adipogenesis does not occur 30 days after doxorubicin

treatment (Figure R-6 A,B).
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Figure R-6. Doxorubicin did not alter bone marrow adiposity. (A) Quantification of the
number of bone marrow (BM) adipocytes per marrow area (BM-Adipocytes/mm?2) from H&E-
stained sections of tibiae. Representative H&E sections from Control and Doxorubicin-
treated mice. n = 4. Scale bar = 500 um. (B) Quantification of mRNA of adipogenic markers
(Pparg, Cebpb, Fasn, Lipe and Pnpla2) from bone marrow. n = 4-6. Data shown as mean +
SEM. (A) Student’s t-test, and (B) One-way ANOVA.
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1.2 Cell autonomous and non-autonomous effects of senescent

osteogenic cells

Senescent cells can contribute to tissue dysfunction through cell autonomous
and non-autonomous mechanisms.’> Therefore, we analysed the effects of
Doxorubicin-induced senescence on differentiation and SASP induction in primary
cultures of osteogenic cells (Figure R- 7-12). Doxorubicin-induced senescence in
primary bone marrow-derived mesenchymal stem cells (BM-MSCs) was
characterized by a complete proliferative cell arrest, increased cell size and
complexity, increased SA-B-galactosidase activity, and increased expression of gene

markers of cell cycle arrest and general SASP (Figure R-7 A-D).
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Figure R-7. Senescent BM-MSC have reduced basal differentiation potential. (A) Number of
BM-MSC untreated (control) or treated with 100 nM of doxorubicin for 24 h. Cells were
counted at days 0, 2, 4 and 6. n = 3. (B) Flow cytometry side vs. forward scatter plots (SSC and
FSC, respectively) of BM-MSC untreated (Control) and treated with 100 nM of Doxorubicin
for 24 h. Cell size quantified by FSC is plotted. Flow cytometry was performed at day 7. (C)
Images of senescent BM-MSCs shown by SA-B-Gal staining and quantification of SA-B-Gal*
BMMSC at day 7 after treatment with 0, 50, 100 and 200 nM of Doxorubicin. n = 4-8. Scale
bars: 200 um. (D) RT-gPCR of senescence markers (Cdknla, Cdkn2a, Il1a, 116, Csf1 and Csf2).
RNA isolated from senescent (DoxoR) and control BM-MSC. n = 4-9. (E) Relative quantification
of osteoblastic (Runx2, Osx and Collal) and adipogenic (Cebpa, Cebpb and Pparg) gene
markers from control and senescent BM-MSCs treated for 24 h with 100 nM doxorubicin and
left 7 days to become fully senescent. n = 6-10. Data shown as mean * SEM *p < 0.05, **p <
0.01 and *** p < 0.001. (C), One-way ANOVA. For the other, Student’s t-test.
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Induction of senescence impaired the basal differentiation potential of BM-
MSCs in vitro, as the expression of the osteogenic markers Runx2 and Col1al and the
adipogenic markers Cebpa and Pparg were reduced in senescent BM-MSCs (Figure
R-7 E). The trilineage differentiation potential of BM-MSCs was also assessed
through colorimetric analysis by staining extracellular mineralized matrix with
Alizarin Red S, lipid droplets with Oil Red O and glycosaminoglycans with Alcian Blue.
BM-MSCs were challenged with osteogenic and adipogenic differentiation media for

14 days and with chondrogenic media for 21 days to achieve full differentiation.

A single dose of 100 nM of doxorubicin treatment for 24-hours was sufficient
to significantly impair the differentiation potential of BM-MSCs towards the three
lineages (Figure R-8). Thus, in a cell-autonomous manner, cellular senescence may

impact on the pool of functional mesenchymal stem cells.
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Figure R-8. Doxorubicin impaired trilineage differentiation potential of BM-MSCs.
Trilineage differentiation of undifferentiated, control and BM-MSC treated with 100 nM
doxorubicin for 24 hours. Staining and quantification of osteogenic (day 14, Alizarin Red S at
450 nm), adipogenic (day 14, Oil Red O at 510 nm) and chondrogenic (day 21, Alcian Blue at
650 nm) differentiation, n = 4. Data shown as mean + SEM *p < 0.05, **p < 0.01 and *** p <
0.001. One-way ANOVA.

Conditions with a high burden of senescent cells also have a reduced pool of
functional hematopoietic stem cells (HSCs).?!° Therefore, we assessed in vitro the
impact of Doxorubicin on the proliferation and differentiation potential of primary
HSCs. The colony-forming unit assay revealed that HSCs treated with doxorubicin
had a decreased proliferation ability (Figure R-9 A). However, 10 days after
doxorubicin exposure, the differentiation potential of HSCs was not significantly

altered (Figure R-9 B).
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Figure R-9. Doxorubicin reduced the proliferative potential of HSCs in vitro. HSCs untreated
(Control) or treated 100 nM doxorubicin for 24 hours (A) Colony forming units (CFUs) per 800
HSCs seeded, 7 days after Doxorubicin exposure. n=4. (B) % of CFU lineages -GM
(Granulocytes and Monocytes), -G (Granulocytes) and -M (Monocytes) derived from purified
HSCs, 10 days after Doxorubicin treatment. n=4. Data shown as mean + SEM *** p < 0.001.
Student’s t-test.

85



Results

Although cellular senescence was historically considered to strictly occur in
proliferating cells, several reports demonstrated that post-mitotic cells, can exhibit
senescence features, including increased expression of cell-cycle arrest genes and
secretion of SASP factors.?”” To evaluate whether post-mitotic osteocytes can also
become senescent we exposed primary osteocytes to 100 nM doxorubicin for 24
hours. After 7 days, doxorubicin strongly induced senescence in primary osteocytes
in vitro. This was illustrated by increased cell size and complexity, and by the
increased expression of Cdknla and general SASP factors (Figure R-10 A,B).
Interestingly, the senescent program reduced the expression of osteogenic markers
in senescent osteocytes (Runx2, Osx/Sp7, Collal and Dmp1) needed for maintaining

the osteocytic status (Figure R-10 C).
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Figure R-10. Doxorubicin-induced senescence and reduced the differentiation status of
primary osteocytes in vitro (A) Flow cytometry side vs. forward scatter plots of osteocytes
untreated (control) and treated with 100 nM of doxorubicin for 24 h. Flow cytometry was
performed at day 7. (B) RT-qPCR of senescence markers from senescent (DoxoR) and control
osteocytes. n = 6-11. (C) Relative quantification of osteogenic gene markers (Runx2, Osx,
Collal, Dmp1 and Sost) from control and senescent primary osteocytes. Osteocytes were
treated for 24 h with 100 nM doxorubicin and left 7 days to become fully senescent. n = 6-
10. Data shown as mean = SEM *p < 0.05, **p < 0.01 and *** p < 0.001. Student’s t-test.

Senescent cells, through their SASP, can spread the senescence phenotype to
healthy neighbouring cells and increase the senescent burden within a tissue,
intensifying tissue damage through non-autonomous mechanisms.'>® Indeed,
senescence-induced decoupling of bone formation and resorption in vivo relies on
SASP, since pharmacological blockade of SASP strongly reduces bone loss induced by
aging or doxorubicin.1?22% To test this, primary murine BM-MSCs, osteocytes and
RAW264.7 murine macrophage cells were exposed to conditioned media (CM)
collected from control or senescent BM-MSCs. We confirmed that senescent cells
can induce paracrine senescence, as exposure to CM from donor senescent BM-
MSCs induced senescence in the recipient cells (Figure R-11 A,C,E).

SASP impacted on the differentiation potential of BM-MSC, osteocytes and
RAW264.7 macrophages in vitro (Figure R-11 B,D,E). Senescent CM reduced the
expression of the osteogenic genes Runx2, Osx/Sp7 and Collal as well as the
adipogenic genes Cebpa and Pparg in recipient BM-MSCs (Figure R-11 B). Osteocyte
expression of the osteogenic markers were less affected by BM-MSC derived SASP

(Figure R-11 D).

BM-MSC displayed a much lower bystander effect on RAW264.7 macrophage
cells cultured in senescent CM (Figure R-11 E). More importantly, instead of impaired
differentiation, these cells had increased expression of the osteoclastic genes Mmp9,
Ctsk or Acp5/TRAP (Figure R-11 F). Therefore, suggesting that senescent BM-MSCs
secrete SASP factors that promote osteoclastic specification of precursors

macrophages.
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Figure R-11. Bystander effect of senescent BM-MSC on recipient BM-MSC, osteocytes and
RAW264.7 macrophages. Conditioned media (CM) from senescent BM-MSC were exposed
to primary BM-MSC (A,B), osteocytes (C,D) and RAW264.7 macrophages (E,D) for 5 days.
Bystander effect was evaluated considering the expression of senescent markers related to
cell cycle arrest and general SASP (A,C,E) and impact on the expression of differentiation
markers (B,D,E). n=6-12. N.D.: undetermined. Data shown as mean + SEM *p < 0.05, **p <

N

Q2
&

0.01 and *** p < 0.001. Student’s t-test.
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We also analysed the impact of osteocytic senescence paracrine effects on
BM-MSCs and the macrophage-like cell line RAW264.7. Interestingly, at least in vitro,
senescent osteocytes have a reduced ability to induce paracrine senescence than
BM-MSCs (Figure R-12 A,C). Indeed, in our experimental conditions, SASP secreted
from osteocytes was not able to impact on the expression of the osteogenic markers
Runx2, Osx/Sp7 and Collal (Figure R-12 B). Conversely, osteocitic SASP promoted

osteoclastogenic differentiation of macrophages (Figure R-12 D).
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Figure R-12. Paracrine senescence of osteocytes on BM-MSC and RAW264.7 macrophages
invitro. (A, C) Senescent gene markers of cell cycle arrest and general SASP expressed by BM-
MSCs (A) and RAW264.7 (C) exposed for 5 days to control or senescent (DoxoR) CM derived
from osteocytes. (B) mRNA relative expression of osteogenic markers of BM-MSC exposed to
control or doxorubicin CM for 5 days. N.D.: undetermined. (D) Gene expression analysis of
osteoclastic genes on RAW264.7 treated with control or doxorubicin CM for 5 days. n = 7-12.
Data shown as mean + SEM *p < 0.05, **p < 0.01 and *** p < 0.001. Student’s t-test.
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Altogether, the results highlight that SASP factors secreted from senescent
BM-MSCs, and osteocytes sustain osteoclastogenesis in vitro. This event may also
occur in vivo as senescent osteoporotic bones had increased number of osteoclasts
and expressed higher levels of osteoclastic markers. Rationally, the next step was to
identify the SASP factors secreted in the senescent microenvironment that could

explain chemotherapy-induced bone loss.

2 Expression of complement factor D is induced by senescent bone

cells upon chemotherapy

To identify SASP factors that are differentially secreted by doxorubicin-
induced senescent bone cells, we performed transcriptomic analysis of bone
samples. Tibiae and femur samples, enriched in osteocytes and osteoblasts by
removal of bone marrow, were obtained 30 days following administration of a single
doxorubicin dose. RNA sequencing analysis showed 31 protein-coding genes
differentially expressed (FDR <0.05) between control and doxorubicin-treated mice

(Figure R-13 A).

From the differential expressed genes, we found strong enrichment of
biological processes related to responses to chemical and external stimuli, immune
responses and interferon-responsive genes (Figure R-13 B). Our results agree with

previous data in models related to aging and therapy-induced senescence.??-284
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Figure R-13. Chemotherapy-induced senescence establishes an inflammatory milieu in vivo.
(A) Heatmap analysis of the genes differentially expressed between control and Doxorubicin-
treated mice, obtained from mRNA-sequencing of osteocyte-enriched bone samples devoid
of bone marrow (n=4; FDR <0.05). (B) Gene ontology (GO) enrichment analysis performed by
g:Profiler of upregulated genes in Doxorubicin mice. Most enriched biological processes are
shown. (C) Genes set enrichment analysis (GSEA) on biological processes (BP) was performed
starting from the ranked gene list. Significant enrichment score curves, the normalized
enrichment score (NES) and false discovery rate (FDR) are shown.

An additional threshold-free Gene Set Enrichment Analysis (GSEA) was
performed, to identify gene sets with subtle but coordinated changes in expression
that can have significant impact on tissue homeostasis. GSEA revealed that
senescent bones had significantly increased biological processes related with innate
immune responses and bone resorption, the last clearly fitting with the phenotype

observed in our osteoporotic senescent mice (Figure R-13 C).
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Therefore, we hypothesized that chemotherapy-induced senescence could be
modulating innate immune responses that increased osteoclastic bone resorption,
finally leading to bone loss. Considering this, we aimed to identity a gene that i) is
upregulated in senescent bones, ii) encodes for a secreted protein and jii) is directly
related to the innate immune system. Applying these selection criteria, complement

factor D (Cfd) seemed the best candidate gene.

Cfd expression profile in bone tissue is consistent with previous findings that
showed Cfd highly expressed in osteocytes from the tibia and femur.?®> Moreover,
querying several public datasets for Cfd mRNA levels in different models of natural
and premature aging, senescence and inflammatory conditions also showed
increased expression of the gene (Table R-1).

Table R-1. Implication of Cfd overexpression in other experimental models. Experiments
retrieved from open public repository databases of array- and sequence-based data.

Model Organism Method Reference
Aging bone: Mus Array GSE67287286
Bone from 4 VS 18 and 4 VS 28-month-old musculus
mice
Induced senescence in vitro: Homo RNA-Seq  GSE130727287
Y-Radiation — HAEC, IMR90 sapiens
Replicative exhaustion — IMR90
Premature aging: Mus RNA-Seq GSE115401288
Liver from progeroid Prf1~/~ mice musculus
Replicative exhaustion in vitro: Mus Array E-MTAB-1391
Osteoblasts —Day 0 VS 9 and 0 VS 27 musculus Expression

Atlas28d

Skeletal fracture healing: Homo Array GSE494%%0
normal union VS non-union fractures sapiens
Osteoarthritis (OA): Homo RNA-Seq  GSE117999291
Meniscus from OA VS non-OA patients sapiens
Colitis: Mus RNA-Seq Expression
Day 0 VS 19 musculus Atlas28d
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Cfd encodes a secreted serine protease essential for the initiation and
amplification of the alternative pathway of the complement system.?’° The
complement system consists of three distinct pathways — classical, lectin and
alternative — that converge in the activation of proteases that finally generate the
anaphylatoxins C3a and C5a. The binding of C3a and C5a to its receptors C3AR1 and
C5AR1, respectively, induce immune and non-immune responses. 2°2 Importantly,
the degree of activation of the alternative pathway and availability of C3a and C5a
signalling molecules, is strictly regulated by the rate-limiting enzyme CFD and by

complement factor B (CFB).2”°

To further evaluate if the complement was hyperregulated in our senescent
mice model, we performed RT-qPCR expression analysis of complement genes, Cfd,
Cfb, C3arl, and C5arl in cleaned long-bones depleted of bone marrow. We
confirmed that both regulatory genes Cfd and Cfb were overexpressed in senescent
bones treated with doxorubicin. Importantly, these increases were completely
avoided in mice treated with the senolytic ABT263, revealing that complement
activation is a specific doxorubicin-induced senescence event and not due to other
unspecific toxic effects (Figure R-14 A). The genes C3arl and C5arl, displayed only

minor, non-significant, increases in doxorubicin-treated mice.

Bone and the bone marrow niche are intimately connected and influence
each-other in a bidirectional communication. To decipher if complement system
could also be activated by native bone marrow cells, we analysed the expression of
complement genes in the bone marrow of the same animals. The expression of Cfb,
Cfd, C3arl and C5ar1 remained unchanged upon doxorubicin administration (Figure
R-14 B). Therefore, complement activation is locally modulated by osteogenic-

derived Cfd expression.

93



Results

‘ 1 Control mm ABT263 = DoxoR B DoxoR + ABT263
A o d Bone B Bone Marrow
Ak
- N = 5 2°7
@ = 2 oo
[+ (]
= 1.54 S
g g
w w 1.5+
5 B 1.0
[} [5}
X o5 x
<Zt < 0.5
% %
€ ool lML E 0.0-
d 50 & & Q {© & &
& O > o @ ¢ > >

Figure R-14. Bone senescence-specific induction of regulatory genes of the complement
system in vivo. (A) Expression of complement genes (Cfd, Cfb, C3ar1 and C5arl) in mRNA
isolated from the tibiae and femurs of control, ABT263, DoxoR or DoxoR + ABT263 mice. n =
4-8. (B) RT-gPCR of complement genes in RNA isolated from bone-marrow of control,
ABT263, DoxoR and DoxoR + ABT263 treated mice. n = 3-4. Data are shown as mean + SEM
*p < 0.05, ¥*p <0.01 and ***p < 0.001. One-way ANOVA.

3 Expression of Cfd is induced in chronological bone aging and

postmenopausal osteoporosis.

Bone significantly deteriorates with aging, increasing the risk of fractures. 1 in
3 women and 1 in 5 men over age fifty will experience an osteoporotic fracture.® In
women, the normal process of bone loss due to aging is further accelerated by loss
of oestrogens with menopause. Therefore, we aimed to identify if Cfd induction was

also observed during chronological bone aging and postmenopausal osteoporosis.

To study the impact of chronological aging on bone homeostasis, we
compared the bones of 15-week-old with 20- to 22-month-old mice. As expected,
aging dramatically impact on cortical and trabecular compartments (Figure R-15
A,B). There was a clear significant reduction of cortical bone volume and cortical
thickness in the old. The increased cortical bone perimeter with aging was also

observed by others and it is considered a compensatory mechanism to reduce the
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risk of fractures (Figure R-15 A).2%® The trabecular compartment is the most affected,

with massive loss of bone volume, trabecular thickness and number (Figure R-15 B).
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Figure R-15. Chronological aged osteoporotic bones have induced Cfd. (A) Quantitative
parameters and 3D-representation of cortical bone of tibiae from 15-week-old (Young) and
20- to 22-month-old (Old) mice, measured by uCT. (B) Quantitative parameters and 3D-
representation of the trabecular compartment of tibiae measured by puCT. BV/TV: trabecular
bone volume to total volume fraction. n = 10-11. (C) RT-qPCR of Cdknla and Cdkn2a mRNA
isolated from bones devoid of bone marrow of young and old mice. n = 6-8. (D) Expression of
complement genes (Cfd, Cfb, C3ar1 and C5ar1) in mRNA isolated from the tibiae and femurs
of young and old mice. n = 6-8. Data shown as mean * SEM. **p < 0.01 and *** p < 0.001.
Student’s t-test.
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Aging is also associated with increased expression of p21 and p16 in several
tissues, these being used as key markers for tagging senescent cells in vivo.?®* We
confirmed that the aged bones had considerably increased expression of p21 and
pl6, agreeing with the fact that the burden of senescent cells increases with age
(Figure R-15 C). Considering that Cfd was overexpressed in our therapy-induced
senescence model, and that this event was specific of cellular senescence, we
hypothesized that during chronological aging, senescent cells also induced the
complement system. As a matter of fact, gene expression analysis of complement
Cfd, Cfb, C3arl and C5arl genes, revealed that the master regulator of the

alternative pathway Cfd was significantly induced in the aged bone.

Postmenopausal osteoporosis can be studied in vivo by performing surgical
ovariectomized (OVX) animal models.?> Indeed, the Food and Drug Administration
guidelines recommend the use of OVX as a standard preclinical animal model to

demonstrate the efficacy and safety of new drugs for osteoporosis.?*®

Sixty days after surgical intervention, female mice develop severe bone loss,

affecting both the cortical and trabecular compartments (Figure R-16 A,B).

Oestrogen deficiency leads to bone loss mainly due to increased
osteoclastogenesis and changes in the ratio between the master osteoclastogenic
factor RANKL and its decoy receptor OPG have been involved as triggers of
osteopenic conditions.2%%772% We found that the RANKL/OPG ratio was unchanged
after OVX, revealing that a different mechanism may be mediating bone loss after

oestrogen-deficiency (Figure R-16 C).

In the attempt to identify novel therapeutic targets, we questioned if the
complement system could be mediating bone loss in postmenopausal osteoporosis.
Surprisingly, the analysis of Cfd, Cfb, C3arl and C5arl expression, revealed that

osteoporotic bones from OVX mice also had increased levels of Cfd (Figure R-16 D).
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Figure R-16. OVX-induced osteoporotic bones have increased Cdf expression in vivo. 8-
week-old female mice were sham or ovariectomized (OVX) and bones were analysed 60 days
after surgery. (A) Quantitative parameters and 3D-representation of cortical bone of tibiae
from sham or OVX measured by uCT. (B) Quantitative parameters and 3D-representation of
the trabecular compartment of tibiae measured by uCT. BV/TV: trabecular bone volume to
total volume fraction. n = 9-12. (C, D) mRNA relative expression of Rankl, Opg and
complement genes from RNA isolated from bones devoid of bone marrow. n = 5-7. Data are
shown as mean = SEM. **p < 0.01 and ***p < 0.001. Student’s T-test.
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Altogether, the data show that Cfd is consistently overexpressed in bone cells
in the most important causes of osteoporosis: during aging, in postmenopausal
osteoporosis and after chemotherapy. These astonishing results strengthened the
progression of this thesis towards the study the implication of the complement

system on bone homeostasis, both in vitro and in vivo.

4 The complement system promotes monocyte migration and

osteoclastogenesis

Several reports demonstrated that bone cells express complement genes and
can activate and modulate the complement system.3°%3%1 However, the relative
implication of different cell populations in modulating or responding to the innate

immune complement pathways is not known.

To evaluate this hypothesis, we analysed the relative expression of Cfd, Cfb,
C3ar1 and C5ar1 in bone-derived primary cells: cells of the osteoblastic lineage (BM-
MSC, osteoblasts and osteocytes), cells of the osteoclastic lineage (HSCs,

macrophages and osteoclasts) and endothelial cells.

Cells from the osteogenic lineage, mainly osteoblasts and osteocytes, express
higher levels of Cfd and Cfb than BM-MSCs, HSPCs, macrophages, osteoclasts or
endothelial cells. Conversely, the C3a and C5a receptors C3arl and C5arl are highly
enriched in primary cells of the osteoclastic lineage, mainly macrophages and
osteoclasts (Figure R-17). Hence, these results suggest that i) osteoblasts and
osteocytes, by expressing high levels of the rate-limiting enzyme Cfd, may be the
main modulators of the complement system, controlling the production of active
C3a and C5a, and ii) macrophages and osteoclasts, by expressing high levels of C3a
and C5a receptors, may be the main responders and thus the primary targeted cells

of complement system activation.
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Figure R-17. Complement system modulators and modulated cells. Normalized expression

against Tbp expression (2"2%) of complement genes (Cfd, Cfb, C3ar1 and C5ar1) from primary
bone cells: BM-MSC, osteoblasts (OB), osteocytes (OCy), hematopoietic stem cells (HSCs),
bone marrow-derived macrophages (BMM), osteoclasts (OCl) and endothelial cells (ECs). n =
6-10. Data are shown as mean = SEM.

Both C3a and C5a can induce potent inflammatory responses through the
interaction with their receptors.2!® To identify which receptor is predominantly
expressed in vivo, we analysed the relative expression of C3arl and C5arl, both in
bone and in the bone marrow. The C5arl transcripts are nearly 20-fold (in murine
bone samples) and 80-fold, (in the bone marrow) more abundant than the C3ar1
transcripts, suggesting a higher dependency of monocyte/macrophage function on

C5AR1 signalling (Figure R-18).
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Figure R-18. C5arl is predominantly expressed in vivo. Normalized relative expression
against Thp (2“) of complement receptor genes (C3arl and C5ar1) from bone (tibiae and
femur) and bone marrow cells (BM). n = 4-6. Data are shown as mean + SEM.

Next, we determined the functional responses of complement activation in

cells of the bone microenvironment.

Treatment of BM-MSCs with the anaphylatoxins C3a and C5a led to a decrease
in the expression of the osteogenic markers Runx2, Osx/Sp7 and Collal when
treated with C3a (Figure R-19 A). In similar experiments, neither C3a nor C5a impact
in the adipogenic expression markers Pparg, Cebpb or Fasn (Figure R-19 B).
Moreover, treatment of primary osteocytes with C3a or C5a did not modify their

transcriptional program (Figure R-19 C).
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Figure R-19. Complement C3a and C5a impact on osteogenic cells. (A,B) Relative gene
expression of osteoblastic (Runx2, Osx and Col1al) and adipogenic (Pparg, Cebpa, Fasn and
Pnpla2) in BM-MSC exposed daily to 1 ug/ml C3a or 0.1 pg/ml C5a for 5 days. n = 3-4. (C) RT-
gPCR of osteoblastic and osteocytic markers (Runx2, Osx, Collal, Dkk1l, Mepe, Dmp1l and
Sost). RNA isolated from osteocytes exposed daily to 1 pg/ml C3a or 0.1 pug/ml C5a for 5 days.
n = 3-4. Data are shown as mean + SEM *p < 0.05. One-way ANOVA.

So far, our results showed that an hyperactivation of the complement system
have a slight impact on cells of the osteogenic lineage, therefore, in agreement with
the fact that macrophages and osteoclasts may be the primary target cells, we

focused on these cells.

Considering the data shown in Figure R-17, we aimed to confirm that
macrophages and osteoclasts have a higher dependence on C5AR1 over C3AR1

signalling. We assessed the impact of C3a and C5a on the proliferation and
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osteoclastogenic potential of the macrophage-like cell line RAW264.7 untreated or
treated with RANKL. RAW264.7 cells have a pre-osteoclastic phenotype, however,

when treated with RANKL undergo osteoclastogenic differentiation.3%?

Both C3a and C5a did not alter the proliferation rate of pre-osteoclastic and
osteoclastic RAW264.7 cells (Figure R-20 A,C). Interestingly, C3a was not able to
modulate osteoclastogenesis neither in the early nor in the advanced osteoclastic
stage. However, C5a potently induced the expression of osteoclastic markers when
cells were cultured in the absence or presence of RANKL (Figure R-20 B,D),

confirming that C5a is a more potent modulator of osteoclast differentiation.
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Figure R-20. Complement C5a induces osteoclastic differentiation in RAW264.7 cells.
RAW?264.7 were untreated (control) or treated daily with 1 ug/ml of C3a or 0.1 pug/ml C5a for
3 to 5 days. (A) Number of RAW264.7 cells at 0, 24 and 48 hours. n = 4. (B) Osteoclastic gene
expression (Csf1r, Rank, Nfatcl, Mmp9, Ctsk and Acp5/Trap) from RAW264.7 untreated with
RANKL, was assessed by RT-qPCR. n = 4. (C) Number of RAW264.7 cells treated with 15 ng/ml
RANKL and the indicated anaphylatoxins, at 0, 24 and 48 hours. n = 4. (D) Fold change of
osteoclastic genes. RNA isolated from RAW264.7 differentiated into osteoclasts for 5 days
with 15 ng/ml RANKL. Cells were exposed daily to 1 ug/ml C3a or 0.1 pg/ml C5a. n = 3-4. Data
are shown as mean + SEM *p < 0.05, and *** p < 0.001. One-way ANOVA.

Altogether, data above led us to focus on C5a signalling modulation in vitro,
and study key features that can impact on bone homeostasis: migration,

proliferation, and osteoclastic differentiation.

Monocytes migration towards bone can increase the availability of
osteoclastic precursors. To test if the anaphylatoxin C5a is inducing monocyte
migration, a transwell cell migration assay was performed using the human
monocytic cell line THP-1. The assay showed that C5a efficiently acted as a
chemoattractant for THP-1 monocytes, whereas the specific C5AR1 antagonist

PMX53, effectively blocked C5a-induced chemoattraction (Figure R-21).
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Figure R-21. C5a induces chemotaxis of human monocytes. Chemotaxis of THP-1 cells
towards media without FBS (Control), media without FBS + 0.1 pg/ml of C5a (C5a) and THP-
1 cells pre-treated 30 minutes with 0.9 ug/ml PMX53 towards media without FBS + 0.1 pg/ml
C5a (PMX53 + C5a) was evaluated. After 2 hours of migration, RFU (Ex/Em = 485/520 nm)
was measured. n = 5-8. Data are shown as mean + SEM *p < 0.05 and **p < 0.01. One-way
ANOVA.

103



Results

We also demonstrated that, in monocytes, C5a signals through the mTOR/S6K
and ERK pathways, both being required for monocyte migration.3’® C5a also induces
the phosphorylation of the heat shock protein 27 (HSP27), known to play a role in
mediating re-organization of the actin cytoskeleton, and therefore needed to extend
the leading edge of migrating cells (Figure R-22).3% Importantly, these pathways are
specifically induced by C5a signalling through C5AR1, as inhibition with the C5AR1

antagonist PMX53, prevented C5a signalling.
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Figure R-22. C5a/C5AR1 signalling in human monocytes. Western blotting of phosphoS6,
phosphoHSP27, phosphor ERK and the loading control beta actin of THP-1 cells untreated or
treated with PMX53 and/or C5a for 30 minutes. The experiment was performed three times
with similar results. Graphs represent quantification of western blots. Protein levels are
represented as relative density in arbitrary units quantified from bands of each marker
(phosphoS6, phosphoHSP27 and phosphor ERK) versus B-actin. n = 3. Data are shown as
mean + SEM *p < 0.05. One-way ANOVA.

To further confirm the results observed in the murine macrophage-like cell
line RAW264.7, shown in Figure R-20, we performed proliferation and differentiation
experiments on a more physiologically relevant model using primary monocytes
isolated from the bone marrow. Addition of C5a did not significantly modify the
monocyte proliferation and survival rate (Figure R-23 A). However, C5a significantly
increased the expression levels of the osteoclastic markers Csflr, Rank, Nfatcl,

Mmp9, Ctsk and Acp5/TRAP (Figure R-23 B).

104



Results

BM-Monocytes 1 Control Bl C5a
A B
120 -
S 5q
1 g L a x*
) 3
8 80+ u%.
-
o= o
e s
€ 40 -
e} 14
= <
%
0 T » €
0 24 48 Hours
\ \ N 9 ¥ Q
N O X Q@ Q
@ @ V\@Q @6\ % <«

Figure R-23. C5a induced osteoclastogenesis in primary monocytes. (A) Number of BM-
Monocytes untreated or treated with 0.1 ug/ml C5a for 0, 24 or 48h. n=5-7. (B) Osteoclastic
relative gene expression of primary BM-Monocytes control or treated with 0.1 pg/ml C5a for
5 days. n=4. Data are shown as mean + SEM. **p < 0.01 and *** p < 0.001. Student’s t-test.

Altogether, we have demonstrated that C5a acts as a chemoattractant for
monocytes and a potent promoter of osteoclastogenesis in vitro. Considering that
senescent osteoporotic bones have increased numbers of osteoclasts, it is
conceivable that hyperactivation of complement system, due to overexpression of
Cfd, leads to C5a-induced bone homing of monocytes and osteoclastogenesis, finally

causing increased number of osteoclasts and bone loss.

Therefore, we hypothesized that blocking C5a signalling could prevent bone
loss induced by either doxorubicin, oestrogen deficiency and aging. To validate this,
we have inhibited, genetically and pharmacologically, C5a signalling in the proposed

mice models.
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5 Genetic ablation of C5ar1

5.1 C5ar1 deficiency prevents bone loss induced by chemotherapy.

To study the contribution of C5a signalling in senescence-induced bone loss,
we treated 15-week-old wild-type (WT) and C5arl knockout mice (C5arl1”) with
either vehicle or a single dose of doxorubicin.3** As previously shown, doxorubicin
caused weight loss in WT mice over a 30-day period. C5a-receptor-deficient mice had
a slightly lower basal weight than WT mice and developed further weight reduction

after doxorubicin treatment (Figure R-24).
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Figure R-24. Chemotherapy-induced senescence in C5arl deficient mice. Body weight
curves of WT, WT DoxoR, C5ar1”- and C5ar1”- DoxoR-treated mice. n = 9-13. Data are shown
as mean + SEM. **p < 0.01 and *** p < 0.001. Statistics were calculated considering the
overall area under the curve.

As expected, therapy-induced senescence culminated with bone loss,
affecting both the cortical, and more significantly, the trabecular compartments.
Doxorubicin-treated WT mice had a reduced cortical bone volume (Figure R-25 A),
and a lower trabecular bone volume resulting from less abundant and thinner
trabeculae (Figure R-25 B). Deficiency in C5AR1 function completely protected bone

loss in the cortical compartment and partially prevented the lower trabecular bone
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phenotype by decreasing the deleterious effects of doxorubicin on bone volume, and

trabecular number (Figure R-25 A, B).
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Figure R-25. C5arl deficiency partially prevented chemotherapy-induced bone loss. 3D
representation and quantitative parameters of (A) the trabecular compartment and (B) the
cortical compartment measured by pCT from WT (wild-type), WT/DoxoR, C5aR17-and C5aR1
//DoxoR experimental. n = 9-13. Data are shown as mean + SEM *p < 0.05, and *** p < 0.001.
One-way ANOVA.

Ablation of C5a signalling partially protected bone microarchitecture from
senescence-induced damage in vivo, meaning that bone remodelling was more
balanced than in WT senescent mice. Consistent with previous experiments, 30 days
after chemotherapy treatment, the number of osteoblasts and osteocytes remained
unchanged, while doxorubicin induced a significant increase in the number of
osteoclasts in bones of WT mice (Figure R-26 A,B). Conversely, in C5aR17bones,

doxorubicin did not significantly change the number of osteoclasts, thus protecting

107



Results

bone from an enhanced osteoclastic bone resorption activity. Importantly, the

absence of C5a receptor did not affect the basal number of osteoclasts present in

bone.
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Figure R-26. C5arl deficiency avoided doxorubicin-mediated increases of the number of
osteoclasts in vivo. (A) Histological images of bone samples from WT, WT DoxoR, C5aR17"
and C5aR17- DoxoR-treated mice. Bones were stained with hematoxylin and eosin (H&E) for
trabecular counting of osteoblasts (up) and cortical counting of osteocytes (down). Tartrate-
resistant acid phosphatase (TRAP) staining was performed for trabecular quantification of
the number of osteoclasts. Scale bars = 100 um. (B) Quantification of the number of
osteoblasts per bone surface (Osteoblasts /mm), osteocytes per cortical bone area
(Osteocytes /mm?), osteoclasts per trabecular bone surface (Osteoclasts /mm). n = 4-6. Data
are shown as mean + SEM. * p < 0.05 and **p < 0.01. One-way ANOVA.
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The results, derived from the histomorphometric analysis of bones, were
confirmed by RT-gPCR gene expression analysis of osteogenic (Runx2, Osx/Sp7, and
Collal) and osteoclastic (Nfatcl, Mmp9, Ctsk, and Trap) genes from mRNA derived
from bones devoid of bone marrow. After 30 days, doxorubicin treatment did not
impact the level of osteogenic genes but induced Ctsk and Trap expression. However,
although baseline levels of these genes were similar between C5ar1”- and WT mice,
doxorubicin treatment was unable to induce the expression of Ctsk and Trap mRNAs

in C5ar1”’ mice (Figure R-27).
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Figure R-27. C5ar1 deficiency prevented doxorubicin-induced osteoclastogenesis in vivo.
RT-qPCR of osteoblastic (Runx2, Osx and Collal) and osteoclastic (Nfatcl, Mmp9, Ctsk and
Trap) markers. RNA isolated from the tibiae and femurs of WT, WT DoxoR, C5aR17* and
C5aR17- DoxoR experimental groups. n = 5-9. Data are shown as mean + SEM. * p < 0.05. One-
way ANOVA.

So far, the results highlight that C5arl deficiency protects bone from
chemotherapy-induced bone loss due to increased number of osteoclasts and
osteoclastogenesis in vivo. Previous experiments demonstrated that C5a signalling
promoted monocyte migration and differentiation towards the osteoclastic lineage.
Therefore, we questioned if the phenotype observed in the C5arl”" could be

explained by reduced monocyte migration and osteoclastic potential.

We isolated monocytes from the bone marrow of these mice and performed
chemotactic assays upon C5a stimulation. As expected, addition of C5a was

chemoattractive for WT monocytes. However, WT monocytes exposed to C5a upon
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addition of a C5AR1 antagonist (PMX53) or monocytes from C5arl”- mice were

refractory to C5a-induced migration (Figure R-28 A).
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Figure R-28. C5arl deficient monocytes have reduced migratory and osteoclastogenic
potential. (A) Chemotaxis of primary monocytes isolated from WT and C5aR17- mice towards
media without FBS, media without FBS + 0.1 pug/ml of C5a (C5a). Migration of WT monocytes
pre-treated for 30 minutes with 0.9 ug/ml PMX53 towards media without FBS + 0.1 pg/ml
C5a was also evaluated n = 4-6. (B) RT-gPCR of osteoclastic gene expression (Csf1r, Rank,
Nfatcl, Mmp9, Ctsk and Trap) from primary WT and C5aR17". n = 8-11. Data are shown as
mean + SEM *p < 0.05 and *** p < 0.001. A, one-way ANOVA. B, student’s t-test.

Moreover, primary bone marrow monocytes from C5arl’" mice showed
diminished osteoclastogenic potential as evidenced by the strong reduced

expression of the osteoclastic genes Mmp9, Ctsk and Trap (Figure R-28 B).

Therefore, chemotherapy induction of Cfd expression in osteoporotic bones,
and consequent pre-osteoclast recruitment and differentiation, can be successfully

avoided by blocking C5a signaling.
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5.2 C5ar1 deficiency prevents bone loss induced by ovariectomy

Considering that Cfd was overexpressed in osteoporotic bones from OVX mice,
we questioned if the hyperactivation of the complement system could also mediate
the pathogenesis of postmenopausal osteoporosis in mice.

To verify this, we analysed the effects of C5arl-deficiency in osteopenia
induced by ovariectomy. OVX strongly induced weight gain in WT mice over a 60-
day period, an expected event due to oestrogen deficiency, observed both in mice
and humans.3% C5ar1-deficient mice had a non-significant lower mean weight than

controls and reduced weight gain after ovariectomy (Figure R-29).
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Figure R-29. OVX in C5ar1 deficient mice. Body weight curves of WT Sham, WT OVX, C5aR1"
/-Sham and C5aR17- OVX mice. n = 10-13. Data are shown as mean * SEM *p < 0.05 and **p
< 0.01. Statistics were calculated considering the overall area under the curve.

Microstructural analysis of bones from these mice revealed that, like male
mice, female WT and C5ar1”- mice have unchanged basal cortical and trabecular
bone parameters. Thus, meaning that C5a signalling is not essential for bone

development and growth (Figure R-30).
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As expected, 60 days after ovariectomy, WT mice experience loss of cortical
bone, and more dramatically of the trabecular compartment with a 10% reduction

in bone volume and 12% reduction cortical thickness (Figure R-30).

Interestingly, although C5ar17- mice also experiences significant bone loss
after ovaries removal, the impact of oestrogen deficiency in bone is less severe when
the receptor is absent. Indeed, when comparing OVX between WT and C5ar1”" mice,
the last had a 69% more trabecular bone volume, a 13% thicker and a 51% more

abundant trabeculae, altogether revealing an important protection (Figure R-30 B).
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Figure R-30. C5ar1 deficiency partially protected mice from OVX-induced bone loss. (A) p-
CT quantitative parameters and 3D representation of cortical bone tibiae from an oestrogen-
deficiency mice model by performing sham or ovariectomy (OVX) surgery on WT or C5aR17"
female mice. n = 9-13. (B) Quantitative parameters and 3D representation of the trabecular
compartment of tibiae. n = 9-13. Data shown as mean = SEM. *p < 0.05, **p < 0.01 and ***p
< 0.001. One-way ANOVA.
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Histomorphometric analysis of these bones and quantification of bone cells
participating in the bone remodelling process, revealed that in WT OVX mice there
is a slight non-significant increase in osteoclast numbers in respect to sham mice.
This tendential increase induced by ovariectomy is absent in ovariectomized C5ar1-
/- mice. The number of bone-forming cells remained unchanged in all experimental

conditions (Figure R-31 A, B).

To further confirm these observations, gene expression analysis was
performed. Consistently, the expression of osteoblastic markers in bone samples
were similar to basal WT sham levels (Figure R-31 C). Interestingly, although the
number of osteoclasts was not significantly changed by TRAP staining, the expression
of osteoclastic markers Ctsk and Trap were induced in long bones from OVX mice,
thus confirming that osteoclasts imbalance bone remodelling towards bone
resorption (Figure R-31 C). Importantly, the expression of these genes remained
unchanged both in C5ar1” sham and OVX mice, further sustaining that the absence

of C5a receptor avoids osteoclastogenesis in vivo.

Figure R-31. C5arl deficiency prevents osteoclastogenesis in OVX mice. (A) Histological
images of bone samples stained with hematoxylin and eosin (H&E), and tartrate-resistant
acid phosphatase (TRAP) staining. Scale bars = 100 um. (B) Quantification of the number of
osteoblasts per bone surface (Osteoblasts /mm) and osteocytes per cortical bone area
(Osteocytes /mm?2) from H&E-stained sections of tibiae. The number of osteoclasts per
trabecular bone surface (Osteoclasts /mm) was quantified from TRAP-staining of tibiae. n =
4-5. (C) Expression of osteoblastic (Runx2, Osx and Collal) and osteoclastic (Nfatcl, Mmp9,
Ctsk and Trap) markers. RNA isolated from the tibiae and femurs of sham or ovariectomized
(OVX) WT and C5aR17 mice. n = 6-9. Data shown as mean + SEM. *p <0.05. One-way ANOVA.
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After menopause, bone loss is accompanied with expansion of MAT within the
marrow cavity.'%? To assess adipocytes changes contributing to MAT accumulation,
adipocyte number (hyperplasia) and cross section area (hypertrophy) were
measured. MAT expansion was clearly observed in WT OVX mice, that had a
significant increased number and size of marrow adipocytes (Figure R-32 A,B). OVX
also induced adipocyte hypertrophy in the C5ar1”- mice (Figure R-32 A). However,
unexpectedly, C5arl deficiency protected bone from OVX-induced MAT hyperplasia
(Figure R-32 B). Therefore, inhibition of C5a signalling during postmenopause, may
protect bone, at least through two mechanisms i) by reducing bone homing of
monocytes and osteoclastogenesis and i) by reducing MAT expansion and

consequent exhaustion of the common progenitor BM-MSCs.
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Figure R-32. C5ar1 deficiency prevents MAT hyperplasia in OVX mice. (A) Representative
sections of the epiphysis of tibiae from WT Sham, WT OVX, C5aR17- Sham and C5aR17 OVX
female mice, stained with H&E. Sections were used to analyse MAT hypertrophy and
hyperplasia. Scale bar = 500 um. (B) Hypertrophy: quantification of the size of marrow
adipocytes, represented as cell area in pm?. n = 6. (C) Hyperplasia: quantification of the
number of bone marrow (BM) adipocytes per marrow area (BM-Adipocytes/mm?2). n = 6. Data
shown as mean = SEM. *p < 0.05 and **p < 0.01. One-way ANOVA.
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To assess the impact of C5aR17 in the differentiation potential of BM-MSCs, a
trilineage osteogenic, adipogenic and chondrogenic differentiation of was
performed in vitro. Alizarin Red S staining revealed that BM-MSCs lacking C5AR1
have the same ability to mineralize the matrix than WT cells, therefore having similar
osteogenic potential. Conversely, C5aR1”" cells have reduced adipogenic potential
quantified by a reduced number of lipid droplets, and a reduced secretion of
glycosaminoglycans and glycoproteins typically produced by differentiated

chondrocytes (Figure R-33).
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Figure R-33. C5ar1 deficiency reduces the adipogenic and chondrogenic potential of BM-
MSCs. Trilineage differentiation of WT and C5aR1-/- BM-MSCs. Staining and quantification of
osteogenic (Alizarin Red S at 450 nm), adipogenic (Oil Red O at 510 nm) and chondrogenic
(Alcian Blue at 650 nm) differentiation. n = 4. Data are shown as mean + SEM *p < 0.05 and
*** p <0.001. Student’s t-test.
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6 Pharmacologic inhibition of C5aR1

6.1  C5aR1 inhibition prevents doxorubicin-induced osteoclastogenesis

in vivo

The promising findings obtained using the C5ar1”" mice motivated further
experiments on the pharmacological inhibition of the receptor, to validate C5aR1 as

a novel therapeutic target for the management of osteoporosis.

The pharmacological inhibition was performed using the C5aR1 antagonist
PMX53, an orally active inhibitor that is intensively used in vivo to study the impact
of C5a signalling in several pathologies.?4:36308 pMX53 has a rapid plasma
distribution but also a fast elimination rate, thus, although the drug is commonly
administered orally, a recent report suggested that the bioavailability could be
improved by daily subcutaneous dosing.3®® Considering this, we have analysed if
C5aR1 inhibition prevented chemotherapy-induced bone loss (Figure R-34 A). Daily
treatment with PMX53 did not produce significant changes in the weight of either

control or doxorubicin-treated mice (Figure R-34 B).
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Figure R-34. C5aR1 inhibition with PMX53 in the chemotherapy-induced senescence mice
model. (A) Schematic representation of the pharmacological inhibition of C5aR1 in the
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Doxorubicin-induced senescence model. At day 0, 15-week-old mice received either vehicle
or doxorubicin (10 mg/kg, i.p.). From day 1 to day 30, mice received PMX53 (1 mg/kg, daily
subcutaneous) or vehicle 2. (B) Body weight curves of Control, PMX53-, DoxoR- and DoxoR +
PMX53-treated mice. n = 8-18. Data are shown as mean = SEM. **p < 0.01. Statistics were
calculated considering the overall area under the curve.

PMX53 alone did not impacted on bone microarchitecture, meaning that the
drug had no toxic effects on bone. When used to prevent doxorubicin-induced bone
loss, PMX53 had minimal to no effects on the cortical compartment, but partially
protected the trabecular compartment (Figure R-35). Mice receiving PMX53 after
doxorubicin treatment had 20% more trabecular bone volume and thicker
trabeculae, than mice receiving only the chemotherapeutic drug (Figure R-35 B).
These results agreed with the fact that PMX53 have a poor pharmacokinetic profile,
and probably a higher dosing or an extended treatment in time may be necessary to

better study the impact of PMX53 on bone health.

\ =1 Control mm PMX53 £ DoxoR B DoxoR + PMX53
A Control B o Control
3.0 * 25+
g = 20
2.0
3 B 15
> £ s¥
= 104
% 1.0 =
om 54
0.0 0-
LA g 0.04+
S
[} c
% 6 $ 0034
E_ E =
£ 4. § i
SE 4 5 & 0.02
/] =]
S 24 g 0.01-
3] 2
g
0 ~  0.00

0.3

DoxoR + PMX53
0.2+

0.1

Cortical Thickness
(mm)
Trabecular Number
(1/mm)

N

0.0-

118



Results

Figure R-35. PMX53 partially prevented doxorubicin-induced trabecular bone loss. (A)
Quantitative parameters and 3D representation of the cortical bone of tibiae of Control,
PMX53, DoxoR and DoxoR + PMX53 treated mice, measured by uCT. (B) Quantitative
parameters and 3D representation of the trabecular compartment of tibiae. n = 8-14. Data
are shown as mean + SEM *p < 0.05, **p < 0.01 and ***p < 0.001. One-way ANOVA.

To further assess if PMX53 was avoiding the increased number of osteoclasts
observed after chemotherapy, the number of osteoclasts and osteoclastogenesis
were quantified. Indeed, PMX53 completely avoided the increases in the number of
osteoclasts induced by doxorubicin (Figure R-36 A, B). This was confirmed though
RT-gPCR analysis of bone samples. The increased expression of the osteoclastic
markers Mmp9 and Trap in doxorubicin-treated mice was prevented by PMX53
treatment (Figure R-36 C).

Consistent with the previous experiments using the chemotherapy-induced
bone loss mice model, the number of osteoblasts and osteocytes remained
unchanged between groups. Altogether, these data show that deficiency or
inhibition of C5aR1 signalling prevents bone loss by reducing monocyte recruitment

and osteoclastogenesis upon doxorubicin treatment.

Figure R-36. C5aR1 inhibition completely avoids chemotherapy-induced osteoclast increase
in vivo. (A) Histological images of bone samples from vehicle-, PMX53-, doxorubicin- and
doxorubicin + PMX53-treated mice, stained with hematoxylin and eosin (H&E), and tartrate-
resistant acid phosphatase (TRAP) staining. Scale bars = 100 um. (B) Quantification of the
number of osteoblasts per bone surface (Osteoblasts /mm) and osteocytes per cortical bone
area (Osteocytes /mm?2) from H&E-stained sections of tibiae. The number of osteoclasts per
trabecular bone surface (Osteoclasts /mm) was quantified from TRAP-staining of tibiae. n =
4-6. (C) RT-gPCR of osteoblastic (Runx2, Osx and Collal) and osteoclastic (Nfatcl, Mmp9,
Ctsk and Trap) markers. RNA isolated from cleaned tibiae and femurs devoid of bone marrow.
n = 6-10. Data are shown as mean + SEM *p < 0.05, **p < 0.01 and ***p < 0.001. One-way
ANOVA.
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6.2 PMX53 did not protected bone in ovariectomy-induced

osteoporosis.

The genetic ablation of C5a/C5aR1 signalling prevented the induction of
osteoclastogenesis in vivo and partially protected bone loss induced by ovariectomy.
To evaluate the benefits of the pharmacological C5aR1 inhibition in the progression
of postmenopausal osteoporosis, we treated OVX mice daily with PMX53, starting
from the day after the surgery (Figure R-37 A). Daily administration of PMX53 in
sham or ovariectomized female mice did not affect weight in both experimental

groups (Figure R-37 B).
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Figure R-37. C5aR1 inhibition with PMX53 in the ovariectomized mice model. (A) Schematic
representation of the pharmacological inhibition of C5aR1 in the ovariectomized female
mice. The next day after sham or ovariectomy surgery, 8-week-old mice received either
vehicle or PMX53 (1 mg/kg, daily subcutaneous) for 59 days. (B) Body weight curves of Sham,
Sham + PMX53-, OVX- and OVX + PMX53-treated mice. n = 6-11. Data are shown as mean +
SEM. *p < 0.05. Statistics were calculated considering the overall area under the curve.

121



Results

The UCT analysis of tibiae revealed that ovariectomy caused a significant loss
of trabecular bone with a reduction on the number of trabeculae (Figure R-38 A,B).
PMX53 did not impact on the microstructure of both cortical and trabecular
compartments in sham or ovariectomized mice. The osteoblastic and osteoclastic
gene expression analysis of these bones revealed a slight increase in the expression
of osteoclastic markers (Figure R-38 C). PMX53 successfully prevented the induction
of the osteoclastic gene Mmp-9 in OVX mice. Importantly, PMX53 alone did not
impact on the expression of either osteoblastic or osteoclastic genes. Although there
is no change in bone density, our results suggest that treatment with PMX53 could

revert the osteoclastic phenotype induced by ovariectomy.
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Figure R-38. PMX53 did not protected ovariectomy-induced bone loss. (A) Quantitative
parameters and 3D representation of the cortical bone of tibiae of Sham, Sham + PMX53,
OVX and OVX + PMX53 treated mice, measured by uCT. (B) Quantitative parameters and 3D
representation of the trabecular compartment of tibiae. n = 6-11. (C) RT-gPCR of osteoblastic
(Runx2, Osx and Collal) and osteoclastic (Nfatcl, Mmp9, Ctsk and Trap) markers. RNA
isolated from cleaned tibiae and femurs of 6-10 mice. Data are shown as mean + SEM *p <
0.05 and **p < 0.01. One-way ANOVA.
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6.3 C5aR1 inhibition with PMX53 did not affect bone during aging

Considering that Cfd was also overexpressed in aged bones (Figure R-15), we
guestioned if inhibition of the hyperactivated complement pathway with the C5aR1
antagonist PMX53, could alleviate age-related bone loss. Male and female mice with

22-months of age, were treated daily for 30 days with vehicle or PMX53.

The drug PMX53 was not observed to have toxic effects on the weight of old
male and female mice (Figure R-39 A and R-40 A). Due to aging per se, both treated
and untreated mice experienced slight weight loss. Assessment of bone
microstructure revealed that PMX53 had a null effect on the aging bone, unchanging
the natural course of aging in both cortical and trabecular compartments (Figure R-

39 B, C and R-40 B, C).

Although, at the structural level, 30 days of PMX53 treatment was not enough
to modulate bone aging, we questioned if C5aR1 inhibition was sufficient to repress
the expression of osteoclastic genes. PMX53 did not modified the expression of
osteoclastic genes in old male mice (Figure R-39 D). In old female mice, PMX53 had
a subtle effect on reducing the expression of osteoclastic genes, being only

significative the reduced expression of Nfatcl (Figure R-40 D).

Again, the expression profile of the old female and male mice was performed
with a reduced sample size, therefore, the conclusions derived from these
experiments should be considered as preliminary. Further experiments with
increased sample size should be performed to fully assess the ability of PMX53 to

prevent osteoclastogenesis in ovariectomy and age-related bone loss.
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Figure R-39. PMX53 did not impact on bone homeostasis in aged male mice. (A) Body weight
curves of 20- to 22-month-old male mice untreated (Control) or treated with 1mg/kg PMX53
daily for 30 days. n = 6-8. (A-B) Quantitative parameters and 3D representation of (A) cortical
and (B) trabecular compartments of tibiae from Control and PMX53-treated old mice,
measured by uCT. n = 6-7. (C) mRNA relative expression of osteoblastic and osteoclastic genes
from bones devoid of bone marrow. n = 4-6. Data shown as mean £ SEM. Student’s t-test.
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Figure R-40. C5aR1 inhibition with PMX53 did not improved bone microstructure in aged
female mice. (A) Body weight curves of 20- to 22-month-old female mice untreated (Control)
or treated with 1 mg/kg PMX53 daily for 30 days. n = 9-11. (A) uCT quantitative parameters
and 3D representation of cortical and (B) trabecular compartments of tibiae. n = 8-11. (C)
Relative gene expression analysis of osteoblastic and osteoclastic markers. mRNA isolated
from long-bones devoid of bone marrow. n = 4-6. Data shown as mean £ SEM. Data are shown
as mean + SEM *p < 0.05. Student’s t-test.
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Discussion

1 Osteoporosis: unmet needs

Osteoporosis causes more than 9 million fractures annually worldwide,
resulting in a fragility fracture every 3 seconds.?® Fragility fractures represent a
dramatic event that can abruptly reduce autonomy and well-being in old age.

Indeed, around 50% of the elderly suffering hip fracture lose their independency.®?

The high incidence of osteoporotic fractures and the negative outcome after

a fracture reveals two main flaws in the management of osteoporosis:

i) the available therapies do not sufficiently protect bone to prevent
osteoporosis or to strengthen bone after a fracture. The drugs currently used in the
clinical practice target osteoclasts to inhibit bone resorption (bisphosphonates,
denosumab, oestrogen and SERM) or osteoblasts to stimulate bone formation
(teriparatide, romosozumab). These strategies follow the classical view of
osteoporosis being caused by an imbalanced bone remodelling but ignore the basic

molecular mechanisms behind this phenomenon.

i) although rare, the drugs are associated with severe adverse side effects
when used beyond 3-5 years, such as osteonecrosis of the jaw, atypical femur

fractures and cardiovascular events, strongly reducing patient compliance.3%°

The lack of effective and safe therapies poses a great pressure in the public
health system. Indeed, in the European Union alone, it is estimated that osteoporotic
fractures cost more than €56 billion each year, corresponding to 3.5% of the total
healthcare spending.3!! With the aging population, the negative impact of
osteoporosis on the medical and economic health of our societies will be magnified,

highlighting the urge of identifying novel therapeutic strategies.
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2 Cellular senescence in osteoporosis

The hallmarks of aging are in the spotlight to therapeutically interfere with the
fundamental mechanisms of aging and accomplish a healthy lifespan. In this context,
cellular senescence appears as a key mechanism promoting age-related diseases,
including osteoporosis. Reducing the burst of senescent cells or inhibiting their SASP
seemed to be the definitive youthful secret for a healthy aging. However, the
complexity of the senescent program is challenging the progression of

senotherapies.

Increasing evidence demonstrate that the senescent program is insult-, time-
, age-, and tissue- specific.1>>294312 This heterogeneity difficult the definition of
specific markers and explains why senotherapies have unspecific off-target effects.
Importantly, clearing senescent cells can also be detrimental in the long term, as
some groups revealed unexpected benefits of chronic senescence.?®* Also, tagging
senescent cells may disrupt the benefits of acute senescence on cancer progression,
and tissue repair and generation.162165166170-172 Baing conscious of this complexity,
we propose that the future of the field of cellular senescence rely on fully
understanding the signature of senescent cells and target specific features of SASP

directly causing tissue deterioration.

Several groups demonstrated, through genetic and pharmacologic
approaches, how clearance of senescent cells, or inhibition of their SASP, prevented
and/or alleviated bone loss during aging and in chemo- and radiotherapy treatments.
However, none clearly identified the SASP components and the basic mechanisms
by which cellular senescence affect bone homeostasis. Indeed, this work proposes,
for the first time, a novel bone SASP factor identified in vivo, in relevant osteopenic

conditions.
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To study bone senescence, we employed a well-established model of therapy-
induced senescence using the chemotherapeutic drug doxorubicin.3'* Doxorubicin
potently induced senescence in vitro and impaired BM-MSCs differentiation
potential, reduced HSCs proliferative capacity and reduced the expression of key

osteogenic markers in primary osteocytes.

Doxorubicin is known to define a state of premature aging in several organs
and establish an osteoporotic phenotype both in mice and humans.1?%3%
Accordingly, we found that doxorubicin increased the burden of senescence in vivo
and deteriorated bone, by increasing the number of osteoclasts and
osteoclastogenesis. Features that were mediated by cellular senescence as these

could be partially reverted by the senolytic ABT263.

Bone aging is also characterized by a reduced number of osteoblasts and
increased MAT, events that further imbalance bone remodelling towards bone
resorption. The impact of doxorubicin on osteoblast function and MAT in vivo is
controversial and depends on the experimental dosage and timings. In our model,
after 30 days, a single dose of 10 mg/kg of doxorubicin, did not alter
osteoblastogenesis nor increased MAT. These experimental conditions mimic the
short- and long-term effects of chemotherapy and are usually used to study the
adverse outcomes of doxorubicin-induced senescence.'??2?% Qthers demonstrated
that a 5 mg/kg dosing, once weekly for four weeks impaired osteoblast function, and
a combination of two chemotherapeutics, 20 mg/kg cyclophosphamide with 2 mg/kg

doxorubicin, once weekly for four weeks increased MAT.12%316

Despite these controversies, all reports, including ours, define that the
common universal consequence of chemotherapy, chronological aging and
postmenopause, is the establishment of an environment highly pro-
osteoclastogenic.1?2316318 |ndeed, we also demonstrated that primary senescent
BM-MSC and osteocytes secreted SASP factors that promoted osteoclastogenesis in

vitro.
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Bone senescence is a complex process, which results from the interplay of
systemic and local factors with a variety of bone-related cells, including BM-MSC,
osteoblasts, osteocytes, preosteoclasts (monocytes and macrophages), and
osteoclasts.3? Although we cannot exclude additional cell types from the bone
microenvironment, several lines of evidence point to senescent cells of
mesenchymal origin as the most likely culprits. First, exposure to a youthful
circulation through parabiosis or reconstitution with young HSCs did not improve
bone loss in a murine aging model.?” Second, eliminating senescent osteoclast
progenitors whilst sparing senescent osteocytes has no effect on age-associated
bone loss.1% Third, osteocytes are the longest living cells in bone, with a lifespan of
up to 25 years, and are thus more susceptible to accumulating damage over time.
Actually, Farr and colleagues demonstrated that p16 expression increases with aging
in osteocytes and that these cells strongly secrete SASP. The authors further
proposed that about 11% of osteocytes are senescent in old bones, whereas only 2%

of osteocytes are senescent in young bones.?07:320

Osteocytes are critical mediators of bone homeostasis, and although
senescent BM-MSCs appeared to have a greater SASP secretion than senescent
osteocytes in vitro, one must consider the cumulative effect of the most abundant
cells in bone (comprising >95% of all skeletal cells). On a work published this year,
Wang and colleagues further point the inflammatory secretome of senescent
osteocytes as mediators of age-related bone loss.3!° Altogether, strengthening the
idea that the phenotype observed in senescent osteoporotic bones, with increased

osteoclastogenesis, may be mediated by local signalling of senescent osteocytes.

To decipher the secretome of senescent osteocytes it is critical to work with
bone samples highly enriched in osteocytes. In this thesis, instead of flushing long
bones to eliminate the bone marrow, we centrifuged bones with proximal and distal
epiphyses excised, for a few seconds at high-speed. This method increased the speed

of isolation, ensuring the integrity of both bone and bone marrow cells, and allowed
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for the complete removal of the medulla, avoiding contaminating gene expression
from marrow cells.3?! Taking this relevant technical detail into consideration, we
demonstrated that, in bone aging the senescence program is more dependent on

p21thanin pl6.

The relative contribution of p16 versus p21 in mediating senescence-driven
bone loss is constantly being discussed in the field of bone senescence and requires
a thorough discussion.® Although some support that senescence of cells of the
osteogenic lineage is associated with increased p21, but not p16 levels, others
withstand that senescent osteoblasts and osteocytes had increased expression of
pl16, whereas p21 is induced under acute stress.®%:317 Qur results stand halfway, as
we find expression of both cyclin-dependent kinase inhibitors. However, being p21
predominant in aged-osteocytes, with an expression more than 7-fold higher than

pl6.

This predominancy may explain why the clearance of p16-expressing cells in
vivo, using the general p16-3MR transgene or an osteocyte-specific p16-LOX-ATTAC
mouse model did not improved bone mass nor microarchitecture with aging.1¢-314
We suggest that, in these genetic models, the ablation p16-dependent senescent
cells prevented the clearance of p2l-enriched senescent osteocytes, therefore

maintaining a critical burden of tissue damaging SASP-secreting cells.

A systemic survey of p16 and p21 expression on human tissues of young,
middle-aged and old donors found unexpected distinct patterns with different
tissues preferentially rising one marker or another with age, and other tissues being
completely independent on both.?®* Therefore, although the use of genetic models
dependent on specific p16/p21 markers have been of great importance in the field
of cellular senescence, the conclusions on the contribution of specific senescent cells

should be made with caution.
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To ensure the clearance of senescent osteocytes, in this thesis we preferred
the use of a pharmacologic over a genetic approach. The selection of the senolytic
ABT263 was based on the ability to prevent age-related conditions and
chemotherapy-induced adverse events.?°%210-212 |mportantly, ABT263 successfully
eliminated senescent cells of the osteogenic lineage in aged mice.3¥ We showed that
pharmacological depletion of doxorubicin-induced senescent cells improved bone
health by preventing osteoclastogenesis in vivo. ABT263 allowed to specifically
identify the relevance of cellular senescence on the osteopenic effects of

doxorubicin, by distinguishing between senescence-related and non-related effects.

Functional enrichment analysis of unbiased mRNA sequencing data from
osteocyte-enriched long bones revealed, that after 30 days of doxorubicin
administration, senescent bones have an inflammatory milieu. This is not surprising
considering the proinflammatory nature of SASP and agrees with the fact that
senescent osteocytes can mediate bone loss through its inflammatory

secretome.89:319

Inflammation is per se a critical event. Indeed, there are several chronic
inflammatory conditions, including rheumatological diseases, inflammatory bowel
disease, chronic obstructive pulmonary disease and periodontitis, that have a
negative influence on bone mass due to excessive bone resorption.3?23% Thus,
revealing a clear interaction between bone and the immune system. Interestingly,
some researchers further consider that the immune system is a major player

involved in bone homeostasis, creating the novel field of “immunoporosis”.32432°

Our data highlighted a consistent induction of type | interferon and interferon-
responsive genes. This result additionally supports that a single dose of doxorubicin
is enough to establish a chronic senescent status in vivo. Consistently, Fitsiou and
colleagues demonstrated that doxorubicin-induced senescent cells upregulate the
expression of type | interferons.3?® The interferon response is induced as a

consequence of DNA-damage, being relevant not only for amplifying immune
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responses, but also for enforcing cell senescence.?®%3?7 Interestingly, several reports
identified that the up-regulation of immune system pathways, in particular the

interferon response, constitutes a conserved core process related to aging.32%32°

Although the type | interferon response seemed the best candidate pathway
to be studied, this pathway has been deeply studied in the field of bone biology.
Interferons play essential roles in regulating osteoclast differentiation and bone
resorption.®° Type | interferons mainly inhibit osteoclastogenesis, an outcome that
does not correlate with the actual increased number of osteoclasts observed in the

331

doxorubicin-induced osteoporotic bones. Therefore, revealing additional

mechanisms involved in the senescent pro-osteoclastogenic environment.

We found a consistent overexpression of the rate-limiting protease of the
alternative pathway of the complement system Cfd, in chemotherapy, ovariectomy
and age-related bone loss. Importantly, by using the senolytic ABT263, we
demonstrated that complement hyperactivation was specifically mediated by

cellular senescence.

Although menopause clearly accelerates biological aging, the role of
senescence in postmenopausal bone loss is controversial.3¥2333 While some
researchers demonstrate a plasma proteomic signature of cellular senescence in
postmenopausal woman, others provide evidence supporting the independent roles
of oestrogen deficiency and cellular senescence in the pathogenesis of
osteoporosis. 33333 |nterestingly, the same group that demonstrated
postmenopause and senescence independent roles in bone loss, is conducting a
phase Il clinical trial to study the safety and efficacy of targeting cellular senescence
with senolytics to improve skeletal health in postmenopausal women
(ClinicalTrials.gov Identifier: NCT04313634). Therefore, revealing gaps in existing

knowledge on the role of oestrogen deficiency in the pathogenesis of osteoporosis.
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Oestrogen deficiency leads to an increase in the immune function and is
associated with an overall pro-inflammatory state in several organs, including the
bone microenvironment.3**33¢ |ndeed, human postmenopausal osteoporotic bones
have an altered local immune responses, with increased expression of complement
C3.3%7 Complement hyperactivation after OVX could be explained by a combination
of direct and indirect mechanisms. We hypothesize that oestrogen deficiency
induces senescence related or unrelated proinflammatory secretome to indirectly
promote the alternative pathway of the complement system. Additionally,
oestrogen was demonstrated to bind to oestrogen-responsive elements in the
promoter region of complement gene C3, and thus directly modulate the

complement activity.3

Several reports propose that an hyperactivated complement system could be
mediating cognitive impairment and increased cardiovascular risk associated with
postmenopause.3393% |nterestingly, oestrogen replenishment therapy reduced the
expression of inflammatory mediators, including complement genes (C3, C4b, Clq,
and C3aR), in the frontal cortex and hippocampus of OVX animals, improving
neuroprotection and cognition.33%34! Altogether, these results reveal a relevant

connection between complement and postmenopause-related morbidities.

3 The complement system in bone homeostasis

The innate complement system senses danger signals and is activated during
tissue injury to promote healing and organ regeneration.?? However, in the last
decade, many reports provide evidence for tissue-specific functions of complement

anaphylatoxins.2*

The largest proportion of complement proteins are generated in the liver and

released into the bloodstream. However, the final inflammatory products,
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anaphylatoxins C3a and C5a, are generated by the action of CFD at specific locations

by tissue resident cells.??

For instance, a recent report firstly associated MAT-derived CFD with bone
health. CFD was firstly identified as an adipokine, historically named “adipsin”,
therefore the protein is usually studied when suspected a specific implication of the
adipose tissue. With the aim to mechanistically decipher the impact of MAT on
skeletal deterioration, Aaron and colleagues, demonstrated that adipsin from BM-
adipocytes, prime MSCs towards the adipogenic lineage, inducing marrow adiposity,
and that Cfd”" mice are resistant to MAT expansion and bone loss.?*> Additionally,
this thesis and Aaron’s work showed that ablation of C5aR1 or C3aR1 signalling,
respectively, reduced the adipogenic potential of BM-MSCs, revealing a clear impact

of the complement system on influencing stem cell fate.

Being aware of MAT as a relevant source of adipsin, we demonstrated that
CFD was specifically secreted by bone cells, independently of marrow adiposity.
Indeed, this thesis identified for the first time that CFD can be locally secreted by
bone cells, and that this secretion is highly induced in senescent and/or

inflammatory bone conditions.

Bone cells can locally produce, activate, and modulate the complement
system in basal physiological conditions. We and others demonstrated that primary
human and murine bone cells express complement C3 and C5, regulatory proteins
CFD, CFB, CD46, CD55, and CD59, and complement receptors C3aR1, C5aR1 and
C5aR2.3% Functional assays in vitro further confirmed that osteoblasts, osteoclasts
and general BM-derived cells can cleave C3 and C5 into active anaphylatoxins,
suggesting that complement locally produced in the bone microenvironment, could

impact bone homeostasis significantly.3%%30

In the adult skeleton, bone homeostasis is finely tuned by the close interaction

and communication between osteoblasts, osteocytes, osteoclasts, and their
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respective mesenchymal and hematopoietic precursors. Therefore, to understand
the impact of complement anaphylatoxins on bone homeostasis, we firstly described
the relative expression of complement regulatory genes Cfd and Cfb, and genes
encoding for C3a and C5a receptors in primary bone cells. With the overall picture,
we proposed that cells of the osteoblastic lineage may be the modulators of the
alternative pathway of the complement system, while HSCs, macrophages and

osteoclasts may be the primary target cells.

This analysis further enabled to extract relevant conclusions. Several reports
demonstrated that C3arl and C5arl are strongly upregulated during osteogenic
differentiation in vitro.3°%3*® These results led the authors to conclude that the
complement system may play a relevant role during osteoblastic differentiation.
However, our data identified that fresh primary BM-MSC, osteoblasts and
osteocytes, without additional manipulations in vitro, have similar expression of
these receptors. We also demonstrated that BM-MSCs lacking C5ar1 had unchanged
osteoblastic differentiation and matrix mineralization, when compared to wild-type
stem cells. Altogether, revealing that complement may not be as important for
osteoblastogenesis as previous thought. Conversely, we found that both
complement receptors are strongly overexpressed in primary macrophages and

osteoclasts, when compared to HSCs.

Additionally, we found C3aR1 and C5aR1 expression to be around 1000 and
4500 times higher, respectively, in the osteoclastic than in the osteoblastic lineage
cells. Therefore, we propose that cells from the osteoclastic lineage may be more
avidly sensing the higher C3a and C5a levels present in the CFD-enriched bone
microenvironment.3® Indeed, this may explain why osteoporotic senescent bones
have increased numbers of osteoclasts and unchanged numbers of osteoblasts,

when compared to undamaged bones.

In our hands, both C3a and C5a had slight to no effect on modulating the

differentiation potential of cells of the osteoblastic lineage. This was also observed
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by lIgnatius et al., demonstrating that both anaphylatoxins did not influenced
osteogenic differentiation of human BM-MSC.3® More recently, Bergdolt and
colleagues verified that C5a did not affected the proliferative and differentiation
status of osteoblasts.?** Altogether, reinforcing the idea that an hyperactivation of

the complement system may not be primarily affecting osteoblastogenesis.

Conversely, pre-osteoclasts and osteoclasts strongly responded to
complement activity in vitro. We found that C5a, but not C3a, potently induced
osteoclastic gene expression on primary monocytes and macrophages, even in the
absence of the master osteoclastic factor RANKL. Primary monocytes lacking C5aR1
receptor have drastically reduced osteoclastic potential. D’Angelo et al.
demonstrated that both C5aR1 antagonism and down-regulation reduced RANKL-
triggered induction of osteoclastic genes in the macrophage-like cell line
RAW264.7 3% We also verified that C5a potently synergized with RANKL to induce
osteoclastogenesis in this cell line. Therefore, inflammatory conditions with

concurrent existence of both factors may lead to severe bone destruction.

Osteoclastic differentiation of precursor cells requires the migration of
monocytes towards the bone surface. Indeed, promoting bone homing of osteoclast
precursors, increased the number of osteoclasts and bone resorption in vivo, while
migration blockade relief bone 10ss.6%3% A transcriptome-wide gene expression
profile and proteomic profiling of circulating monocytes identified genes involved in
monocyte chemotaxis up-regulated in women and men with low BMD.%+346:347 The
migration of monocytes into bone is not only increasing the number of osteoclast
precursor cells, but these can also directly regulate bone metabolism by producing
cytokines important for osteoclast differentiation, activation, and apoptosis.3*83%9

Consequently, these reports identify monocyte recruitment being critical in the

pathogenesis of osteoporosis.
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Attraction of osteoclast precursors to remodelling sites are chemotactically
controlled by factors secreted from osteoblasts and osteocytes. Between these, CSF1
and the RANKL/OPG ratio have been involved as triggers of osteopenic
conditions.?>?972% However, we did not find alterations in the expression levels of
Csf1, RANKL (Tnfsf11) or OPG (Tnfrsf11b) when we sequenced the RNA from the
bones of doxorubicin-treated mice. We and others, also found unchanged
RANKL/OPG ratio in OVX mice.3® Altogether, suggesting that these factors are
unlikely to play a central role in oestrogen deficiency or chemotherapy-induced bone

loss.

Our RNA-sequencing and histomorphometric results show that osteoporotic
bones have increased number of osteoclasts, highlighting a possible complement-
mediated increased homing of osteoclast precursors into bone or induced
proliferation of resident precursor cells. Interestingly, C5a did not induced
proliferation of monocytes, macrophages nor osteoclasts. However, it potently
induced monocyte migration in vitro, an event that may increase homing of
monocytes into the senescent bone microenvironment in vivo. The ability of the
C5a/C5aR1 signalling to mediate bone homing of immune cells in vivo was
demonstrated by Kovtun and colleagues. The group demonstrated that C5ar1”~ mice
had reduced number of neutrophils in the fracture callus, and impaired bone healing

compared to WT mice.?*!

C5a-induced monocyte migration through phosphorylation of HSP27, an event
linked to the pathogenesis of osteoporosis. Increased serum levels of
phosphorylated HSP27 were found to correlate with low BMD in pre- and post-
menopausal women.?>? Proteomics analysis further revealed that phosphorylated
HSP27 was highly enriched in monocytes from women with low BMD and that
extracellular release of phospho-HSP27 may induce monocyte migration towards

bone milieu.?*?
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Considering the results discussed so far, one should expect that inhibition of
C5a signalling in vivo would reduce the homing of monocytes into bone and reduce
the number of differentiated osteoclasts, with a consequent increased bone mass.
However, in physiological unchallenged conditions, genetic ablation, and
pharmacological inhibition of C5AR1 did not change the number of osteoclasts,
osteoclastogenesis nor the overall bone microarchitecture, both in females and
males. This was also observed on conditional C5ar1”" on osteoblasts and
osteoclasts.?** Conversely, Kovnut et al. report that their C5ar1”" mice displayed a
significantly increased bone mass due to a reduced number of osteoclasts.?>! Age
seems to be the relevant factor explaining these differences. In C57BL/6J mice, the
pubertal developmental phase has been estimated to begin around age 6 weeks, and
bone growth is considered principally complete at age 12 weeks.>*>3% |n their
experiments, Kovnut and colleagues analysed bones of 12-week-old mice, while we
and others stopped the experiments when mice where older than 16-weeks-
old.®134 Therefore, inhibiting the response to complement C5a may accelerate the
kinetic of bone acquisition and earlier achievement of peak bone mass during
puberty, without impacting bone homeostasis in adulthood. However, future

experiments assessing this issue should be considered.

3.1 The complement system in bone inflammatory conditions

We demonstrated that, when there is an inflammatory challenge, such as in
senescence-induced bone loss and postmenopausal osteoporosis, the absence of
C5aR1 protected bone by significantly reducing the number of differentiated
osteoclasts. The reduction of osteoclastogenesis was not accompanied by a reduced
osteoblastogenesis, revealing an uncoupled action of complement in bone. This is a

relevant and attractive benefit when considering novel therapies. While some anti-
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resorptive therapies, including bisphosphonates and denosumab, effectively reduce
bone loss, they are linked to a coupling-related reduction in osteoblasts and bone

formation.3*’

The reduced number of osteoclasts and preserved osteoblastogenesis in vivo
validate the results obtained in vitro and support the proposed mechanism of action
(Figure D-1). In inflammatory conditions, the secretion of Cfd by senescent
osteoblasts and osteocytes, accelerates the processing of C5 into C5a. The increased
levels of C5a define a chemotactic gradient that attract monocytes into the bone
microenvironment. C5a also directly promotes osteoclastic differentiation of
monocytes and macrophages, increasing the number of active osteoclasts in the
bone remodelling unit. Ablation of C5a/C5aR1 signalling prevents monocyte

migration and differentiation, reducing the number of resorptive osteoclasts.

Chemotherapy & Estrogen deficiency ®
° CaaR,

oy »

PMX53

CF‘D\‘ Cba . _L /

0\ Osteoblast @® Preosteoclast

# Osteocyte A Osteoclast

Figure D-1. Proposed model of the impact of cellular senescence and inflammatory
complement system in bone homeostasis. Chemotherapy and oestrogen deficiency increase
the burden of senescent cells and consequent secretion of the novel SASP factor CFD. The
rate-limiting enzyme CFD increases the net production of the potent anaphylatoxin C5a that,
through C5aR1, promotes monocyte bone homing and osteoclastogenesis, finally mediating
bone loss and osteoporosis. Pharmacological inhibition of the receptor with PMX53 may
prevent senescence-induced bone loss.
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Our proposed model may also be valid for other inflammatory conditions, such
as rheumatoid arthritis and periodontitis, where the C5a/C5aR1 axis was
demonstrated to participate in bone destruction. In both cases, pharmacological and
genetic inhibition of C5aR1 improved the progression of the disease and prevented
bone 10ss.3°%3%0 The screening of Cfd expression on database repositories of high
throughput gene expression may further reveal unforeseen implications of C5a in

the pathogenesis of different inflammatory diseases unrelated to bone.

Indeed, proteins of the complement cascade, including Cfd, were identified as
part of the plasma proteomic signature of chronological aging in healthy humans.3¢?
Plasma levels of CFD was also identified as a biomarker of neurodegeneration in
multiple sclerosis and as a prognostic biomarker for cardiovascular diseases.36%363
These data uncover the alternative pathway of the complement system as an

attractive target to be further studied for understanding the pathogenesis of several

health conditions.

Menopause and surgical removal of ovaries are associated with significant
changes in body composition, weight gain and reduced energy expenditure.3® We
noted that C5ar1”" mice were more protected against OVX-induced weight gain than
WT mice. Lim et al. demonstrated that pharmacologic inhibition of C5aR1 prevented
metabolic dysfunction, improved glucose and insulin intolerance, and reduced body
weight in a diet-induced obesity model.>®* Another study revealed that C5aR1”" mice
had higher energy expenditure, lower adipose tissue, and enhanced fat clearance.?%°
Although future projects should assess this issue, we and others suggest that
blockade of C5a signalling may also be beneficial for preventing adipose tissue

expansion and obesity-related metabolic diseases.

Interestingly, we also observed that the C5arl”* mice were completely
protected from OVX-induced hyperplasia of MAT. Aaron and colleagues recently
described that genetic ablation of Cfd inhibited MAT expansion and improved bone

mass during calorie restriction, thiazolidinedione treatment, and aging.3*> By
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demonstrating the same in the C37 mice, the authors proposed that CFD-induced
MAT regulation was mediated through complement component C3. Preventing C3
generation is an extreme perturbation of the complement pathway, as it avoids the
generation of both C3 and C5 convertases and all the downstream effectors: C3a,
C3b, C5a, C5b, and terminal complement complex. Here, for the first time in the
literature, we identified C5a as the complement effector modulating MAT expansion
and propose C5aR1 inhibition as a relevant target for preventing MAT hyperplasia

during postmenopausal osteoporosis.

Although we found that bones lacking C5a receptor had less osteoclasts and
less expression of osteoclastic markers when challenged with chemotherapy and loss
of oestrogens, we did not achieve a complete protection of bone microstructure. By
specifically disrupting the C5a/C5aR1 axis, other complement effectors can signal in
bone cells. Indeed, C3a in combination with other inflammatory signals, such as IL-
1B, can induce the osteoblastic release of pro-osteoclastogenic factors, including
RANKL, IL-6 and IL-8.3% Bone marrow-derived cells stimulated with C3a also secrete
IL-6 to promote osteoclast differentiation.** C5a signal through C5aR2 should also
be considered. Whereas C5aR2 activity appears to dampen C5aR1 signalling and be
protective under some conditions, the receptor may also synergize with C5aR1 to
exacerbate disease outcomes.?* Therefore, more research should be performed to

clarify the impact of C5aR2 signalling in bone.

The C5ar17-mediated partial protection also highlights the intricate interplay
between the skeletal and immunological systems, and clearly implies that the
influence of complement on bone cannot be studied merely in an isolated fashion.
Indeed, the heterogeneity of systemic and local SASP and the complexity of

oestrogen signals, may probably require multitarget therapeutic strategies.
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3.2 Complement therapies

The attractive results obtained with the genetic model led us to inhibit C5aR1
pharmacologically with PMX53, a drug widely used to study the implications of C5a
signalling in several health conditions. PMX53 had an impact protecting bone against
doxorubicin but had no effect on OVX-induced bone loss and on female and male
bone natural aging. However, these results are not sufficient to discard C5aR1 as

relevant target for these osteoporotic triggers.

The slight or absent impact on bone microstructure can be justified due to the
short PMX53 elimination half-life of less than 15 minutes.3% Additionally, we are the
first group employing PMX53 to study bone health in vivo, thus future studies are

needed to define the therapeutic regimen with the high benefit-risk ratio.

The histomorphometric analysis, only performed in the therapy-induced
senescence mice model, support our proposed mechanism, as the drug efficiently
prevented the increased number of osteoclasts and osteoclastogenesis in vivo. As
we only analysed a single final time point at day 30, we cannot identify if monocyte
migration and differentiation was strongly inhibited from day 0 or was only evident
at the end of the treatment. If the number of osteoclasts were only reduced after
two or three weeks of treatment, the benefits of the drug on bone remodelling may

require longer dosing.

The overall results obtained in this thesis, motivated the proposal of a proof-
of-concept project entitled OsteoC5 for the validation of the therapeutical use of
C5aR1 inhibitors in osteoporosis (PDC2021-121776-100). For instance, avacopan is an
orally available selective C5a receptor antagonist with a long elimination half-life, of
more than 90 hours, and a good safety profile. The drug was recently approved by
the U.S. Food and Drug Administration (October 2021) and the European Medicines
Agency (January 2022), under the commercial name Tavneos, for the treatment of

the autoimmune disease anti-neutrophil cytoplasmic antibody (ANCA)-associated
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vasculitis and the complement-driven renal disease C3 glomerulopathy. Avacopan is
also being considered for the treatment of hidradenitis suppurativa, lupus nephritis

366,367

and IgA nephropathy.

With the OsteoC5 project, we aimed to i) validate the repurposing of the C5aR
inhibitors to prevent osteopenia in mouse models of age-related, chemotherapy
induced and hormonally induced bone loss; ii) to determine the optimal timing of
C5aR1 inhibitor administration after the onset of osteoporosis; iii) to study the effect
of C5arl inhibitors in relevant cell types involved in bone homeostasis. Although we
accomplished all the objectives with PMX53, the experiments with avacopan were
not performed. Avacopan lacks affinity for mouse C5aR1 and therefore require a
humanized C5aR1 knock-in mouse model (described at EMA assessment report,
procedure No. EMEA/H/C/005523/0000).3% Unfortunately, the hC5aR1 knock-in
mice model and the downstream applications were patented (Patent No. EP
2322637 Al). Despite this bureaucratic problem that stopped the progression of the
OsteoC5 project, we hope that this thesis and the resultant article stimulate future
research on the repurposing of C5aR1- and C5a- targeting drugs for the management

of osteoporosis.

Specifically, we have demonstrated that inhibiting the complement system for
only 30 days, protected doxorubicin-induced osteoclastogenesis and bone loss. This
may be of great benefit for patients receiving chemotherapy. A recent study
assessed the suitability of combining doxorubicin with the anti-osteoporotic drug
denosumab to prevent bone loss in patients with osteosarcoma.?*® The results
completely discourage the combination of both drugs, as denosumab inhibited the
efficacy of doxorubicin, leaving without solution the inevitable impact of
chemotherapy on bone. Although this issue should be assessed in future
experiments, we propose that a combination of C5aR1 inhibition with doxorubicin

may be beneficial for bone health, while preventing cancer progression.
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Multiple lines of evidence show that in several cancers, complement C5a has
pro-tumoral actions, having a crucial role in regulating tumor growth, metastasis,
and drug resistance.3’%3"! Expression of C5arl on cancer cells enhanced their
motility, invasiveness and epithelial to mesenchymal transition.?%372 Activation of
the C5a/C5aR1 axis may promote bone metastasis that require increased osteoclast
activity and bone resorption, which is needed to create the space for cancer cells to
growth.3® Therefore, inhibiting complement system may synergize with anti-

tumoral drugs to fight cancer.

We and others also suggest that C5aR1 inhibition may prevent the adverse
effects of chemotherapy.3”® Cardiotoxicity is a well-known limiting adverse event of
doxorubicin. In 2022, a group demonstrated that senescence induction in the heart
contributes to impaired cardiac function in mice upon doxorubicin treatment.?%
Future research should be performed to assess whether Cfd and the alternative
pathway of the complement system is mediating doxorubicin-induced cardiac

damage and other chemotherapies side effects.

Considering that we have identified Cfd as a SASP factor, we suggest that
complement therapeutics may not only prevent bone loss but may also alleviate
several aspects of frailty. Current treatment strategies for all chronic age-related
morbidities are disease specific, leading to polypharmacy and problems related to
adverse drug interactions and compliance. Although this thesis focused on cellular
senescence and inflammatory complement system in bone homeostasis, we
encourage future researchers to work on the impact of the complement system as a

senescence-induced response, in whole body homeostasis.
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4 Limitations and future directions

This research project unavoidably faced some limitations that, when
acknowledged, open novel exciting questions to be solved in future experiments. In
this section | will note and integrate the most relevant drawbacks with the resulting

most attractive future directions for research in the field of inflammatory bone loss.

One of the most exciting unachieved goals of this thesis was to demonstrate
the causal implication of the identified CFD-SASP factor and complement

hyperactivation on age-related bone loss.

Although our experiments revealed that C5aR1 inhibition was not improving
bone quality with aging, the complement system cannot be fully discarded as several
factors could explain the absence of effect obtained: i) the already discussed PMX53
pharmacokinetic limitations, therefore another drug such as avacopan should be
tested; ii) the insufficient sample size of these specific experiments (6-7 mice per
experimental group). The study of aging is complicated due to the intrinsic
heterogeneity of the process and therefore needs more individuals to better define
the aging of bone in vivo; iii) the limited time for performing a thesis difficult the
long-term experiments required for studying the natural aging process.
Consequently, we were not able to analyse the phenotype of bones from 22-month-
old C5ar1” mice. iv) age is per se a complex factor when studying the reversibility of
tissue deterioration. Future experiments with mice of different ages should be
performed to assess the ability of a drug to prevent and/or revert the aging process

and to define the ideal age intervals to protect bone health.
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MRNA isolation from fresh bones is technically complicated leading to loss of
several samples and making difficult to study the gene expression profile from in vivo
experiments. Therefore, future experiments should be performed increasing the
number of mice used per experimental conditions to better define the changes in

gene expression.

iii.
Osteoporosis is clinically relevant mainly due to the increased risk of fractures.
Although analysis of bone microstructure using UCT correlate with bone health,
future experiments should be performed assessing biomechanics, bone strength and

the risk of fractures.37437>

After an osteoporotic fracture the therapeutic focus is directed to tissue
repair. The implications of the complement system on fracture repair should also be
considered. This was evaluated by a single work demonstrating that in isolated bone
fractures, C5ar1” mice had impaired healing, while in severe injury C5ar17~avoided
additional bone damage when compared to wild-type mice.>*® Considering this,
future experiments should identify the best therapeutic window to inhibit the

complement C5a/C5aR1 axis.

Another limitation of this study is the use of general C5aR1 knockout. The
rationale behind this selection is that osteoporosis involves many cell types,
including bone cells, immune cells, and endothelial cells. Future experiments on
conditional knock-out mice should help to clarify the proposed mechanistical model.
The most immediate models that | consider relevant are the conditional Cfd” on
osteocytes to demonstrate that CFD is specifically secreted by senescent osteocytes
and the monocyte-specific C5ar1” mice model to demonstrate that monocytes are

the targeted cells in inflammatory bone loss.
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vi.

Taking advantage of the general C5ar1” mice and the doxorubicin-induced
cellular senescence model, future experiments could be planned to study the impact
of complement inhibition on other chemotherapy-related adverse events such as
neurodegeneration, hippocampal dysfunctions, neuropathy, cardiotoxicity, fatigue,

muscle debilitation, gastrointestinal damage.

vii.

Osteoporosis has particularly high incidence in postmenopausal women,
resulting in a substantial amount of research with respect to this disease in women.
However, research on osteoporosis in men is still lacking. Androgen deprivation
therapy, specifically surgical or medical castration, is the first line of treatment
against advanced prostate cancer and is associated with severe bone loss and
osteoporotic fractures.3’®3”7 Therefore, orchiectomy could be performed in general
C5ar1” mice to assess the implication of the complement system in bone loss after

surgical testosterone depletion.

viii.

We chose to study C5a/C5aR1 axis instead to C3aR1 signalling based on the
relative expression profile that revealed a predominancy of C5arl expression over
C3arl and on the in vitro potency of C5a over C3a to induce osteoclastogenesis and
monocyte migration. We also focused on C5arl and did not study C5ar2 due to the
acknowledged anti-inflammatory role of this receptor. However, we are aware that
C3a/C3aR1 and C5a/C5aR2 may also participate in tissue damage, therefore future
experiments on single and double knock-out models should be performed to

understand the relative contribution of the receptors on bone health.
ix.
Our mRNA sequencing was performed from clean long bones enriched in

osteocytes, but the expression profile obtained also include other cell types. To

specifically identify the expression profile of specific cells, single-cell RNA sequencing
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and spatial transcriptomics should be performed. In combination, these techniques
allow to identify, categorize, and spatially distribute the different cell subpopulations
present in bone.3’®37° Although attractive, single-cell RNA sequencing from long
bones is still not a feasible technique, as recovering individual cells from skeletal
tissue is challenging and require sequential enzymatic digestions for 1-4 hours,
revealing an important limitation to be improved in the field of bone biology.38038!
Efforts on improving the applicability of these transcriptomic techniques in bone will
boost the knowledge on the implication of the different cell populations on the

pathophysiology of bone diseases.

Considering the pharmacological limitation derived from the use of PMX53 in
vivo, we already proposed in the OsteoC5 project a repurposing of the C5aR1
inhibitor avacopan. However, although C5aR1 inhibitors are scarce, we consider that
future experiments on the impact of the complement system on chemotherapy-,
OVX-, and age-related bone loss should be performed inhibiting other relevant
targets. For example, pharmacological targeting of C5, C5a, C3, C3a, C3aR1, CFD, and
CFB.2Y Importantly, we suggest to inhibit first the receptors and direct ligands
instead of blocking C3, C5, CFD and CFB. These are upstream elements, which
blockade prevents the formation of the convertases and the overall progression of
the pathways, including the TCC. For instance, disruption of C3 convertase prevents
the formation of the opsonin C3b, relevant factor of the “phagocytic code” and

disruption of the TCC causes bone loss.382383

xi.
The trilineage differentiation profile of BM-MSC lacking C5aR1, revealed a
normal osteogenic, but reduced adipogenic and chondrogenic differentiation.
Further studies should be performed to understand the clinical relevance of a

reduced adipogenic and chondrogenic differentiation potential in vivo.
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xii.
We propose that complement hyperactivation promotes monocyte migration
through in vitro chemotaxis assay and indirect quantification of osteoclasts in vivo.
Although challenging, intra-vital two-photon imaging should be performed to

directly observe bone homing of monocytes in our experimental models.38

Xiii.

The absence of PMX53 effect on bone microstructure of old and OVX mice
models discouraged further histomorphometric analysis. In the doxorubicin-treated
mice PMX53 completely reverted osteoclastogenesis and osteoclast numbers in vivo,
without fully protecting bone. Considering this, we should have performed
histomorphometric analysis of the old and OVX models as, although the timing of
treatment may not have been sufficient to protect bone, C5aR1 inhibition may have

been sufficient to reduce the number of osteoclasts in osteopenic bones.

xiv.

The skeleton is much more than a scaffold, acting as an endocrine organ
through the secretion of physiologically relevant hormones such as FGF23 and OCN.
In this thesis bone-expression and serum levels of these endocrine factors were not
evaluated. Given the ability of bone on modulating the function of distant organs, all
the experiments in the field of bone biology should assess the impact of any

intervention on the secretion of bone-specific hormones.

Xv.

Considering the attractiveness of the complement system on inflammatory
bone loss, future experiments should assess important key questions: Is CFD
overexpression unique to senescent cells? Can serum levels of CFD be a surrogate
marker for the burden of cellular senescence in bone? Do serum levels of CFD
correlate with bone mass in vivo? Can complement blockade improve health span?
What are the effects of combining complement therapies with chemotherapy, anti-

osteoporotic drugs, and therapies for other health conditions? Can complement
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therapies be used in combination to other rejuvenation strategies? Are multitarget

therapeutic strategies the key?

Taken together, this thesis uncovers attractive unresolved questions relevant for the
remarkable future of cellular senescence and inflammatory complement system in

bone homeostasis.
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Conclusions

| Senescent BM-MSC induced paracrine senescence in undamaged BM-MSC

and osteocytes and promoted osteoclastogenesis.

| Chemotherapy-induced senescence deteriorated both the trabecular and
cortical compartments. Bone loss was due to increased number of osteoclasts and
osteoclastogenesis, while the number of osteoblasts and osteocytes and the

osteoblastogenic markers remain unchanged.

]l Cellular senescence induced inflammatory and immune responses in the
osteocyte-rich bone microenvironment in vivo, being the rate-limiting enzyme of the
complement system, complement factor D one of the most differentially expressed

genes.

v Cfd was induced in osteoporotic bones from doxorubicin-treated,

ovariectomized and aged mice.

Vv Osteoblasts and osteocytes may be the main modulators of the alternative
pathway of the complement, while macrophages and osteoclasts may be the primary
target cells. C5a strongly promoted monocyte migration and osteoclastogenesis in

vitro.

Vi C5ar1 deficiency partially protected bone from chemotherapy- and OVX-

induced bone loss due to reduced number of osteoclasts and osteoclastogenesis.

Vil C5ar1 deficiency fully prevented MAT hyperplasia in OVX mice, reducing the
adipogenic skewing of BM-MSCs.

VIl C5aR1 inhibition with the antagonist PMX53 in vivo, partially prevented

doxorubicin-induced bone loss
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Materials & Methods

Personal advises will appear with the abbreviature: Pt

1 Primary cell isolation and culture

General considerations

Cells were cultured under sterile conditions and maintained in a cell incubator
at 37 °Cin a 5% CO, humidified atmosphere. Besides some exception, cell culture
media was supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate,
and 100U/mL penicillin and 0.1 mg/mL streptomycin (P/S). Media was changed every

two days.

Key Resources

Product Reference
Pyruvate 03-042-1B, Biological Industries
Glutamine 03-020-1B, Biological Industries
Penicillin-Streptomycin 03-031-1B, Biological Industries
Foetal Bovine Serum 04-007-1A, Biological Industries
0.25% Trypsin-EDTA 03-050-1A, Biological Industries

1.1 Osteoblasts and osteocytes

The isolation of primary osteoblasts and osteocytes require 9 sequential
digestions of long bones and calvariae from new-born mice aged p0-p3. Age is critical
as the yield drops dramatically in puppies older than three days, thus make sure you

learn how to recognize the age of your new-borns.

This is a long protocol that can take 6-8 hours and therefore should be planned

carefully. Only perform the isolation if you have more than 4 pups.
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Pre-isolation steps

Collagen-coating

Osteocytes must be cultured on type-l collagen-coated culture plates as
follows:

1. Prepare a 20 mM acetic acid solution in milliQ water and sterilize with a 0.22
um filter.

2. Prepare collagen coating mix: 50 pug/mL of collagen type | from rat tail in 20
mM acetic acid. “ As this collagen is cell culture suitable do not filter the
solution and work always under the hood.

3. Cover 100 mm culture dishes with 8 ml or a 6-well plate with 1 ml/well for 1
hour at room temperature.

4. After the coating, recover the collagen mix left into a new falcon and store
at 4°C. ' The collagen solution can be reused up to 5 times, so don't forget
to note it directly in the falcon.

5. Clean coated dishes once with PBS. These can either be directly used or

sealed with parafilm and stored at 4°C up to 6 weeks.
General material

1. Two 50 mL tubes with ethanol 70%. ™ These will be frequently used
throughout the process to constantly sterilize the dissection material.

Two 50 mL tubes with 50 mL PBS + 500 pl P/S (falcon A)

Two 50 mL tubes with 50 mL a-MEM + 500 pul P/S (falcon B)

Two empty 100 mm culture dishes to use as support.

Sterile forceps and scissors. °* For higher precision use fine point forceps.

A T o

Heat a shaking water bath at 37°C. Agitation speed should be settled at 42

oscillations per minute.
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Culture media

Osteoblasts are cultured in a-MEM supplemented with 10% FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, P/S, 0.16 mM ascorbic acid, and 6mM B-
glycerophosphate. Osteocytes are cultured in a-MEM supplemented with heat-

inactivated 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate and P/S.
CPLEBS inactivation: Heat in a water bath for 30 minutes at 56°C with mixing
Digestion solutions

The digestion of bones from 5-7 mice will be performed in the same 50 mL

tube. Prepare the following volumes of collagenase and EDTA solutions:

PLSolutions should be freshly prepared (the same day or the day before and stored

at 4°C). Before use filter both solutions with a 0.22 um filter.

Collagenase solution
The isolation process has 6 collagenase digestions, using 10 mL of solution
each time.
For 35 mL:
28 mL a-MEM + P/S (from falcon B)
7 mL trypsin
205 L collagenase type Il 100 mg/ml
CPL prepare two 50 mL tubes with 35 mL each. Extra-volume is always useful to

compensate normal losses due to pipetting.

EDTA solution
5 mM EDTA dissolved in PBS with 0.1% bovine serum albumin (BSA). Adjust
the pH to 7.4. The isolation process has 3 EDTA incubations, using 10 mL of solution

each time.
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Isolation: dissection and digestions

Perform tissue dissection and digestions under the hood.

Dissection

1.

4.

Euthanize mice by decapitation. Conserve the head and the four limbs and
bath all in ethanol 70%, followed by PBS+P/S from falcon A. Leave the pieces
in a 100 mm dish with PBS+P/S.

For calvariae dissection work on the skull, removing soft tissue and the
periosteum. The calvariae is quite transparent and is macroscopically divided
in three big areas by sutures. Isolate these three parts avoiding the sutures.
Cut the calvariae in small pieces and pool them in a 50 mL tube containing
30 mL a-MEM + P/S. ' The dissected bones from all the mice are pooled in
this 50 mL tube containing a-MEM + P/S.

From the limbs dissect the tibiae, femora, humeri, radius, and ulna. " Bones
are very small and quite transparent; however, you can feel that these are a
little bit harder than the surrounding tissues. Be patient and discard the soft
tissue. Clean these long bones by immersion in falcon A and pool with the
calvaria.

Repeat the dissection for each mouse and pool all the bones.

Digestions

164

1.

Clean bone fragments twice with PBS. “* Bone fragments are small and light,
therefore do not use the vacuum in any step. Preferentially use the
serological pipette to gently aspirate the supernatant.

Digestions 1-3: Add 10 mL of collagenase solution and incubate for 25 min
on a water shaking bath at 37 °C > Aspirate and discard the supernatant,
clean the bone pieces with PBS + P/S and discard > Repeat the process for

digestions 1-3.
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Digestion 4: Incubate bones with 10 mL EDTA solution for 25 min on the
heated water shaking bath > Aspirate and discard the supernatant, clean the
bone pieces with PBS + P/S and discard.

Digestion 5: Incubate bones with 10 mL collagenase solution for 25 min on
the heated water shaking bath > Collect and transfer the supernatant,
containing osteoblasts, into a new 50 mL tube already with 20 mL of
osteogenic medium to stop collagenase digestion (call this tube OB). > Clean
the bone pieces once with PBS and recover and transfer the supernatant into
the OB tube. " Although the OB tube will be used again in the next digestion,
to increase the rate of survival of the cells keep the tube in the incubator
while digestion 6 proceeds.

Digestion 6: Incubate bones with 10 mL EDTA solution for 25 min on the
heated water shaking bath > Collect and transfer the supernatant containing
osteoblasts into the OB tube > Clean bone fragments once with PBS and
transfer the solution into the OB tube.

Digestion 7: Incubate bones with 10 mL collagenase solution for 25 min on
the heated water shaking bath. In the meanwhile, centrifuge the OB tube at
250 g for 5 minutes and seed the pelleted cells in a single 100 mm cell culture
dish > After digestion 7 collect and recover the supernatant containing
osteocytes into a new 50 mL tube with 20 mL osteocitic medium (call this
tube OC) > Clean the bone fragments once with PBS and collect the
supernatant into the OC tube. “* Again, keep OC tube in the incubator while
digestions 8 and 9 proceed.

Digestion 8: Incubate bones with 10 mL EDTA solution for 25 min on the
heated water shaking bath > Collect and transfer the supernatant containing
osteocytes into the OC tube > Clean bone fragments once with PBS and
transfer the solution into the OC tube.

Digestion 9: Incubate bones with 10 mL collagenase solution for 25 min on

the heated water shaking bath > Collect and recover the supernatant
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containing osteocytes into the OC tube > Clean bone fragments once with
PBS and transfer the solution into the OC tube.

9. Seed the remaining bone fragments into 2-3 collagen-coated wells of a 6-
well plate. “*Within the next days you’ll see how some osteocytes leave the

bone fragments and attach into the dish.

10. Centrifuge the OC tube at 250 g for 5 minutes and seed the pelleted cells in

3-6 collagen-coated wells of a 6-well plate.

The cells will attach within 24h and should be used within 7 days of plating to prevent

loss of phenotype or overgrowth with osteoblasts.

Key resources

Product Reference
a-Mem M8042, Sigma-Aldrich
Collagen type |, rat tail 08-115, Sigma-Aldrich
B-glycerophosphate 50020, Sigma-Aldrich
L-ascorbic acid 2-phosphate A8960, Sigma-Aldrich
Collagenase type Il 6885, Sigma-Aldrich
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1.2 Bone-Marrow derived cells

Bone marrow isolation

For isolating bone marrow-derived cells (BM-MSCs, HSCs, Monocytes and
Macrophages), hindlimbs from 6—-8-week-old C57BL6/)] mice were harvested to

isolate the bone marrow, as follows:

1. Separate tibiae and femur and discard muscles and tendons.

2. Excise the distal and proximal epiphyses of both bones.

3. Introduce tibiae and femur inside of a 0.75 mL microtube, which bottom was
previously perforated with a 23G needle tip.

4. Introduce this 0.75 mL microtube inside of a 2 mL round bottom centrifuge
tube.

5. Centrifuge at >20 000 g for 15 seconds at 4 °C.

6. Clean bones will remain inside the 0.75 mL microtubes. These bones can be
readily used for RNA isolation.

7. Bone marrow is collected inside the 2 mL round bottom tube and can be
snap frozen with liquid nitrogen for RNA isolation or kept on ice until cell

isolation is performed.

Consider that after bone marrow isolation, the total medulla from one mouse will be

split in four 2 mL round bottom tubes.

1.2.1 BM-MSCs

Culture media: DMEM supplemented with 15% FBS, 2 mM L-glutamine, 1 mM

sodium pyruvate and P/S
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Inside the hood:
1. Resuspend gently the pelleted medulla and pool and seed one mouse on a
100 mm cell culture dish.
After 3/4h discard non-adherent cells.
Replace media every 12 hours until 70% confluence is reached.

Lift cells with trypsin for 2-3 minutes in the incubator.

v ok W N

Lifted BM-MSCs can be directly seeded for further experiments or expanded

for freezing or maintenance.

1.2.2 HSCs

Culture media: Ham’s F12 Nutrient Mix medium supplemented with 10 mM
HEPES, 1X Penicillin-streptomycin-glutamine, 1X insulin-transferrin-selenium-
ethanolamine, 1 mg/ml polyvinyl alcohol, 100 ng/ml thrombopoietin (TPO), and 10

ng/ml stem cell factor (SCF).38°

®Lprepare media on a 50 mL tube, do not prepare higher volumes to ensure
the integrity of all the compounds. If possible, | advise to add TPO and SCF just before

use.

HSCs were isolated through negative selection from total bone marrow using
the EasySep Mouse Hematopoietic Progenitor Cell Isolation Kit from Stem Cell

technologies.

Isolation buffer: PBS (pH 7.2) with 2% FBS and 1 mM EDTA. Sterilize by filtering
with a 0.20 um filter.

1. Resuspend gently the pelleted medulla and pool all the animals in one 50 mL
tube. "t Although cells could be collected on a smaller tube, 50 mL tube is
preferred as the wide conical bottom enables a better aspiration of the

media without perturbing pelleted cells.
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10.

11.
12.

13.

14.

15.

16.

17.

18.

Materials & Methods

Pass cells through a 70 um nylon mesh to remove cell clamps.

Count the number of total cells (do not perform red blood cell lysis) and
adjust to 1X10® total cells/ mL to a maximum of 2 ml. ' For more than 2X10®
total cells resuspend cells on a different tube and perform the isolation in
parallel. This must be like this because the magnetic field cannot reach
volumes higher than 2 ml each time.

Add 50 pl/mL of Rat serum.

Add the sample to a polystyrene round-bottom tube.

Add 50 pl/mL of Isolation Cocktail

Mix and incubate for 15 minutes in the refrigerator. " Our tubes don’t have
lid, don’t panic and close it with parafilm.

Few minutes before time is up, vortex Strepatvidin Rapid Spheres for 30
seconds.

Add to the sample 75 ul/mL of Strepatvidin Rapid Spheres

Mix and incubate for 10 minutes in the refrigerator. “* Close tubes it with
parafilm.

Add Isolation buffer and top up to 2.5 mL

Place the tube into the magnet and incubate for 3 minutes at room
temperature (RT).

Pick up the magnet and in one continuous motion invert the magnet and
tube into a new 50 mL tube. Do not remove the tube from the magnet to
ensure pouring the negative fraction containing HSCs.

Remove the rube form the magnet and add 2.5 mL of Isolation buffer.

Mix gently 5-6 times and place the tube again onto the magnet.

Incubate 3 minutes at RT.

Repeat step 13 to collect the negative fraction and combine with the first
poured-off fraction.

Isolated cells are ready for use.
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CPLyield: from 8 mice (one month-old) expect obtaining 2-3X108 HSCs.

Key resources

Product

Reference

EasySep Mouse Hematopoietic Progenitor Cell
Isolation Kit

Ham's F-12 Nutrient Mix

HEPES (1M)
Insulin-Transferrin-Selenium-Ethanolamine
(ITS -X)

Poly(vinyl alcohol)

Recombinant Murine TPO

Recombinant Murine SCF

1.2.3 Monocytes

Bone marrow derived CD11b* monocytes were isolated using the Monocyte

Isolation Kit (BM) from Miltenyi Biotec.

Culture media: RPMI-1640 medium supplemented with 10% FBS, 2 mM L-

19856, StemCell Technologies

11765-050, ThermoFischer Scientific
15630-056, ThermoFischer Scientific
51500056, ThermoFischer Scientific

P8136, Sigma-Aldrich
315-14, PeproTech
250-03, PeproTech

glutamine, 1 mM sodium pyruvate, P/S, and 20-30 ng/mL M-CSF.

Isolation buffer: PBS (pH 7.2) with 0.5% BSA and 2 mM EDTA. Sterilize by

filtering with a 0.22 pm filter. ‘ Prepare extra buffer, per one mouse prepare 20 ml.

LWork fast, keep cells cold, and use pre-cooled solutions.

1. Resuspend gently the pelleted medulla and pool all the animals in one 50 mL
tube. "t Although cells could be collected on a smaller tube, 50 mL tube is

preferred as the wide conical bottom enables an easier aspiration of the

media without perturbing pelleted cells.

2. Pass cells through a 40 um nylon mesh to remove cell clamps.
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Count the number of total cells (do not perform red blood cell lysis) and
adjust the volume of the buffers accordingly. “*Volumes are for up to 5X10’
total cells. For fewer than 5X107 cells, use volumes as indicated. For higher
numbers scale all reagent volumes (for example, for 108 cells use twice the
volume of all reagent volumes).

Centrifuge and resuspend cells in 175 pl Isolation buffer (volume per 5X10’
total cells).

Add 25 pl of FcR Blocking reagent and mix well (do not scale this volume).
Add 50 pl of Monocyte Biotin-antibody cocktail (volume per 5X107 total
cells).

Mix well and incubate in the refrigerator for 5 minutes. “ Do not incubate
on ice as it may require longer incubation times. Additionally, higher
temperatures and/or longer incubation times may lead to non-specific cell
labelling.

Wash cells by adding 10 mL Isolation buffer (volume per 5X107 total cells).
Centrifuge 300g, 10 minutes.

Resuspend cells in 400 pl Isolation buffer (volume per 5X107 total cells).
Add 100 pl of Anti-biotin uBeads (volume per 5X107 total cells).

Mix gently and incubate 10 minutes in the refrigerator.

Meanwhile, place the column in the magnetic field of a suitable MACS
separator and prepare the column by rinsing with 3 mL of Isolation buffer.
After the 10 minutes-incubation, apply the cell suspension onto the column
and collect flow-through on a 50 mL tube. ® The flow-through contains
unlabelled CD11b* monocytes.

Wash the column three times with 3 mL isolation buffer each time and
collect unlabelled cells within the same tube.

Centrifuge cells 250 g, 5 minutes.

Count monocytes and seed in untreated cell culture dishes. “* Monocytes

are ready for downstream applications.
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CPLyield: from one WT mice expect obtaining 2-3X10° monocytes.

Key resources

Product Reference
Monocyte Isolation Kit (BM), mouse 130-100-629, Miltenyi Biotec
RPMI
Recombinant Murine M-CSF 315-02, PeproTech
Cell strainer, 40 um nylon mesh 352340, Corning
0.20 um syringe filter 431219, Corning

1.2.4 Macrophages

Culture medium: a-MEM supplemented with 10% FBS, 2 mM L-glutamine, 1

mM sodium pyruvate, P/S and 30 ng/ml M-CSF. ‘™ Induce osteoclastogenesis

supplementing media with 20-30 ng/mL RANKL.
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Resuspend the pelleted medulla and pool one mouse on a 15 mL tube.
Incubate the medulla for 8 min on ice with 3 ml of red blood cell lysis buffer.
Stop lysis with culture medium.

Centrifuge cells at 250 g, 4 °C for 10 min.

Resuspend the pellet in 4 ml PBS.

Add gently the resuspended cells into a new 15 mL tube, slightly angled,
containing 2 mL of Ficoll Biocoll isotonic separating solution.

Centrifuge for 20 min at 250 g (centrifuge break <2).

Collect gently the ring containing mononucleated cells with a rubber bulb
inserted on a pasteur glass pipette with a narrow tip. Leave collected cells
from all mice on a single 50 mL tube with PBS.

Centrifuge at 250 g for 5 minutes.

10. Resuspend and seed the isolated macrophages in culture medium.

11.
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Key resources

Product Reference
Biocoll L 6113, Biochrom
Murine M-CSF 315-02, PeproTech
Recombinant murine sRANK Ligand 315-11, PeproTech

1.3 Endothelial cells

Endothelial cells were isolated from mouse lungs, following the protocol from

Wang et al, but with a two-sorting with PECAM-1/CD31 as described by Zhao et

al .386,387

Gelatin coating
Mouse lung endothelial cells (MLECs) must be seed in 0.2% gelatin-coated cell
culture dishes, as follows:
1. To dilute the gelatin, heat both gelatin and PBS for 5-10 minutes.
2. Once diluted, add 500 pl of 0.2% gelatin per well of a 12-well plate.
3. Incubate 2 hours in the incubator.
4. Aspirate and discard gelatin.
5. Clean once with PBS.
6. Cell culture dishes are ready to use. “ Plates can be stored in the refrigerator

for several weeks. Seal plates with parafilm.

Culture media: Endothelial Cell Growth Medium supplemented with

Supplement Mix and 18% FBS.
Isolation buffer: DMEM + 20% FBS + P/S

Digestion solution: 3 mg/mL collagenase | diluted in DMEM (incomplete,

without FBS). Sterilize by filtering with a 0.22 um filter.

Beads washing solution: PBS (pH 7.2) with 0.1% BSA and P/S. Sterilize by
filtering with a 0.22 um filter.
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Dynabeads antibody-coating

oW R

The day before cell harvest, coat the dynabeads with the antibody of interest.

Vortex dynabeads for > 30 seconds.

Incubate 100 pl dynabeads with 10 pul CD31 antibody.

Leave the Eppendorf under constant stirring at 4 °C overnight.

Next day, place the suspension on a magnetic rack and aspirate the
supernatant.

Wash bound beads three times with beads washing solution.

After each wash, place the coated beads on the magnetic rack for 1-3
minutes and aspirate the supernatant carefully.

Resuspend the cleaned CD31-coated dynabeads with the same volume of

beads washing solution (100 pl) and stored at 4 °C.

Mouse lung tissue dissociation, digestion and sorting
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1-3-month-old mice can be used for MLECs isolation.

Harvest lungs without perfusion and store in 8 ml cold isolation buffer in
60 mm dish or 15 mL conical tubes. Place tissues on ice.

Under the hood proceed to mince the lungs into small pieces with sterile
scissors. “° Shred around 100 times to ensure a proper mechanical
dissociation and ease the access to enzymatic digestion.

Drain the media around the tissue with a pipette.

Digest with 8 ml of digestion solution at 37 °C for 45 min. Culture suspensions
were stirred every 15 min. “6-8 mL of digestion solution per mice.

Pass tissue suspensions at least 12 times through a 20 G cannula attached

into a syringe.



10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

Materials & Methods

Filter the minced tissue through a 70 um cell strainer seated on top of a 50 mL
tube pre-placed with isolation buffer. " Isolation buffer contains FBS to stop
the digestion.

Centrifuge 250 g, 5 minutes.

Resuspend the pellet in 1 mL of beads washing solution and transfer the cell
suspension into a 1 mL tube.

Add 25 pl of CD31-coated dynabeads. “* Wang et al uses 25 ul per mouse,
while Zhao et al uses 30 ul for 4 mice.

Incubate for 15 min with robust shaking on the rocking platform.

Wash the suspension with isolation buffer 5-8 times. Use the magnetic rack
and leave tagged cells to aggregate for 1-3 minutes before aspirating the
supernatant. Perform the washes carefully to avoid perturbate the positive
fraction.

After performing the washes, resuspend cells in 1 mL culture media and seed
1 mouse per well of a 12-well plate.

Change media next day and clean once with PBS to enable cleaning of
unattached beads.

Change media every 48 hours until cells reach 90% confluence.

Once confluence is achieved, detach cells with trypsin.

Centrifuge 250 g, 5 minutes.

Resuspend the pellet in 1 mL of beads washing solution and transfer the cell
suspension into a 1 mL tube to perform the second sorting.

Add 25 ul of CD31-coated dynabeads and incubate for 15 min with robust
shaking on the rocking platform.

Wash the suspension with isolation buffer 5-8 times. Use the magnetic rack
and leave tagged cells to aggregate for 1-3 minutes before aspirating the
supernatant. Perform the washes carefully to avoid perturbate the positive

fraction.
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20. After performing the washes, MLECs are ready to seed in the desired

conditions.

Key resources

Product Reference
Gelatin solution G1393, Sigma-Aldrich
Endothelial Cell Growth Medium C-22010, PromocCell
SupplementMix C-39215, PromocCell
Collagenase, Type | 17018029, ThermoFischer
Dynabeads™ Sheep Anti-Rat I1gG 11035, ThermoFischer
Anti-mouse CD31 553370, BD Pharmigen
Cell strainer, 70 um Nylon mesh 352350, Corning

1.4 Cell lines

In this thesis two cell lines were used to perform initial hypothesis testing
experiments before isolating primary cells or when a high number of cells were

needed (for example when isolating protein to perform wester-blot).

The human monocytic cell line THP-1 was cultured in RPMI-1640
supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, P/S, 0.1
mM non-essential amino acid solution, 50 UM 2-mercaptoethanol and 10 mM

HEPES.

L These are suspension cells and should be cultured in flasks. Follow these

useful advises to keep your cells healthy and happy.
Thawing

1. Thaw one vial in 5 mL of media and leave for 4 hours.
2. Centrifuge 250 g for 5 minutes.

3. Resuspend and count cells.
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4. Leave cell suspension at 2-4X10° cells/mL. “ For cells in suspension consider
that 5X10° cells/mL corresponds to around 50 % of confluence. Do not leave

cells at lower 2X10° cells/mL, nor higher than 1X108 cells/mL.

Freezing: To cryopreserve THP-1, freeze 8X10° cells in 1 mL of complete

medium supplemented with 5% DMSO.

The murine macrophage-like cell-line RAW264.7 was maintained as
macrophages in a-MEM supplemented with 10% FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, and P/S, or differentiated into osteoclasts by supplementing the

media with 15 ng/ml RANKL for 5 days.

L Do not use trypsin to detach RAW264.7, instead scrap cells carefully.

Key resources

Product Reference
RPMI-1640 01-104-1A, Biological Industries
Non-essential amino acid solution 01-340-1B, Biological Industries
2-Mercaptoethanol (50 mM) 31350-010, ThermoFischer
HEPES (1M) 15630-056, ThermoFischer
a-MEM M8042, Sigma-Aldrich
Recombinant Murine sRANK Ligand 315-11, PeproTech
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1.5 Cell treatments
1.5.1 Senescence induction

Cellular senescence was induced by treating cells with 100 nM DoxoR for 24

h. Leave cells 7 days to become fully senescent.

L Induction of cellular senescence is easily assessed by simply looking at the
microscope for changes in cell morphology and cell cycle arrest. However, to further
demonstrate the senescent phenotype, perform multi-features identification: cell-
cycle arrest (constant cell number and expression of cell-cycle arrest gene markers),
morphological changes (increases in size and granularity), SA-B-gal staining, SASP
secretion (through conditioned medium experiments and RT-qPCR identification of

general SASP genes) and paracrine senescence (conditioned medium experiments).

CLCell confluence is very important! Make sure your controls are proliferating
cells with similar confluences as senescent cells at the time of performing the

experiment.

1.5.2 Complement experiments

In vitro modulation of the complement pathway was performed by treating
cells with 1 pg/ml C3a, 0.1 pg/ml C5a or 0.9 ug/ml PMX53. All complement
experiments were performed with complete media supplemented with heat

inactivated FBS.

Treatment times were as follows: for cell-signalling experiments, cells were
exposed to ligands and inhibitor for 30 minutes; in chemotaxis assays, cells were pre-
exposed for 30 minutes with the inhibitor and for the 2 hours of migration to C5a; in
differentiation-modulation experiments, cells were treated daily with C3a or C5a, for

5-7 days.
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Reference

Doxorubicin
Recombinant mouse C3a
Recombinant mouse C5a

PMX53

2 Conditioned medium

5927, Cell Signaling

8083-C3, R&D Systems
2150-C5/CF, R&D Systems
HY-106178, MedChemExpress

Conditioned medium (CM) from senescent and control donor cells were used

to study the impact of secreted factors on recipient cells.

To obtain CM perform the experiment as follows:

Day -1: Seed cells that will be treated with DoxoR. Keep control cells

proliferating in a maintenance dish.

Day 0

1. Treat cells with 100 nM DoxoR for 24 hours.

2. Change media every two days.

Day 5

1. Change media of DoxoR-treated senescent cells.

2. Seed control cells, considering expected final confluence like senescent cells

at day 7. Keep extra control cells proliferating in a maintenance dish.

Day 7

1. Collect and filter through a 0.20 um filter senescent and control CM. “ You

can either directly treat recipient cells with CM, store CM at 4 °C if used the

same week or for longer storage keep at -80 °C.

2. Change media of DoxoR-treated senescent cells.
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3. Seed control cells, considering expected final confluence similar to
senescent cells at day 9. Keep extra control cells proliferating in a
maintenance dish.

4. Repeat these three steps at day 9 to collect more CM.

Recipient cells are treated with 50% CM and 50% fresh media for 5-7 days.

CPL Considering that fresh media will be 50% diluted with the nutrient partially
depleted CM, duplicate the final concentrations of all the supplements needed in the

fresh media.

3 Cell number

Labelling was performed at 0, 24 and 48 h in independent wells.

1. Label living cells with 5 ug/ml Hoechst 33342 in PBS for 10 min. - Safe stop:
you can also fix cells 5 minutes with 4% paraformaldehyde (PFA) and
perform the staining later by storing fixed cells covered with PBS at 4 °C.

2. Cover plates with an aluminium foil to protect Hoechst from light.

3. Clean once with PBS and add fresh medium.

4. Photograph 4-5 fields with a fluorescent inverted microscope (Leica DM-IRB
inverted microscope).

5. Count nuclei with Image J. "It is useful to work on a Macro to perform batch

analysis.

Key resources

Product Reference

Hoechst 33342 H3570, ThermoFischer
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4 Cell morphology

Cell morphology was visualized in live cells using an inverted light microscope.
Differences in morphology were quantified through flow cytometry the forward
scatter to measure relative cell size, and side scatter to measure relative cell

complexity.

Briefly:
Rinse cells twice with PBS.
Detach cells with trypsin at 37 °C for 5 min.
Collect cell suspensions and centrifuge 250 g for 5 minutes.

Resuspend cells in PBS.

A S

Before performing flow cytometry, remove aggregates with a 70 um cell

strainer.

5 Senescence associated-B-galactosidase detection

SA-B-gal staining was performed using the SA-B-gal staining kit following the

manufacturer’s instructions.

PLprepare solutions freshly, just prior to use.

PLVolumes are defined for a well of a 6 well plate. Volumes in the procedure
should be approximately half that of the tissue culture media. (For example: 1 ml for
a well/plates containing 2 ml of media and 5 ml for 100 mm plates containing 10 ml

of media).

Solutions:

o PBS: Prepare at least 6 ml PBS per well.

181



Materials & Methods

182

O

O

O

Fixative Solution: Dilute the 10X Fixative Solution (supplied) to a 1X solution
with distilled water. You will need 1 ml of the 1X solution per well.
Staining Solution: Redissolve the 10X Staining Solution (supplied) by heating
to 37°C with agitation. Dilute the 10X staining solution to a 1X solution with
distilled water. You will need 930 ul of the 1X Staining Solution per well.
X-Gal stock solution: Dissolve 20 mg of X-gal (supplied) in 1 ml
Dimethylformamide or DMSO to prepare a 20 mg/ml stock solution. Excess
X-gal solution can be stored in -20°C protected from light for up to six
months. “* The manufacturer recommends using polypropylene plastic or
glass to make and store X-gal. Never use polystyrene recipients.
B-Galactosidase Staining Solution: For each well to be stained, combine the
following in a polypropylene tube:

930 ul 1X Staining Solution

10 pl 100X Solution A (supplied)

10 pl 100X Solution B (supplied)

50 pl 20mg/ml X-gal stock solution

IMPORTANT: Ensure the solution has a final pH of 5.9-6.1.

Procedure:

At day 7 post-senescence induction (DoxoR treatment), remove cell media
of cells and clean once with PBS. “*“ Remember to seed non-senescent
proliferating control cells the day before at a final concentration at day 7
similar to senescent cells.

Incubate cells for 10 minutes at RT” with 1 mL of fixative solution per well.
Clean twice with PBS. ' Safe stop: cells can be left with PBS and stored
overnight at 4 °C.

Add 1 ml per well of the B-Galactosidase Staining Solution and incubate at

37°C at least overnight in a dry incubator without CO2 (The presence of CO2
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can cause changes to the pH which may affect staining results). “* To avoid
evaporation and crystals formation add PBS to the space between wells and
seal plate with parafilm. Cover plate with aluminium foil.

Next day, without removing B8-Galactosidase Staining Solution, check the
cells under a microscope for development of blue colour. “* Use a positive
control to identify the best moment to stop the experiment. If your positive
control still appears colourless leave the staining solutions for few more
hours and control periodically for colour development.

Senescent cells appear as blue-stained cells under a light microscope.
Photograph several fields to have 20-40 cells per condition with an inverted
light microscope.

Calculate the percentage of SA-B-gal* cells by defining an intensity
threshold for blue cells in Imagel.

For long-term storage of the plates, remove the 8-Galactosidase staining
solution and overlay the cells with 70% glycerol. Close plates with parafilm

and store at 4°C.

Key resources

6

Product Reference

SA-B-gal staining kit 9860, Cell Signalling

Trilineage differentiation

To test differentiation potential of BM-MSCs, cells are challenged with

osteogenic, adipogenic and chondrogenic media and stained with Alizarin red S, Oil

red O and Alcian Blue to identify specific features of each differentiated cell type.
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PLVolumes are referred to a 24 well plate. If you have a small number of cells,

perform the experiment on a 48 well plate.

6.1 Osteogenic differentiation

Osteogenic medium: a-MEM supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, P/S, 0.16 mM ascorbic acid, and 6mM B-glycerophosphate.
Undifferentiated cells were cultured in a-MEM supplemented with 10% FBS, 2 mM
L-glutamine, 1 mM sodium pyruvate, P/S. Incubate BM-MSCs for 14 days and change

media every two days.

Staining:
At day 14, aspirate media and clean twice with PBS.
Fix cells with 4% PFA for 30 minutes.

Discard PFA and clean twice with PBS.

el S

Stain cells with 400 pul 2% Alizarin Red S, pH 4.2, for 1 hour at gentle shaking.
Protect the plate from light. “** Dilute Alizarin Red S in distilled water and
filter before use with a 0.2 um filter.

5. Aspirate the staining solution and clean three times with PBS.

6. Leave the wells to air dry and photograph the calcium deposits with an

inverted light microscope.

L Alizarin Red S staining is quite heterogeneous between samples and is
difficult to quantify, so consider doubling the number of differentiated wells, when

compared to adipogenic and chondrogenic differentiation.
Alizarin Red S quantification:

1. Add 400 pl of 10% acetic acid.

2. Incubate for 30 minutes at RT and gentle shaking.
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Transfer the 400 ul of each well into separate 1.5mL tubes.
Vortex 30 seconds.

Heat the samples at 85 °C for 10 minutes.

Transfer tubes into ice for 5 minutes.

Centrifuge for 20000g for 15 min.

©® N o v & W

Transfer 300 pl of the supernatant into a new Eppendorf and neutralize with
150 pl of 10% ammonium hydroxide.
9. Transfer 100 pl of the mix into a 96 well plate and measure the absorbance

at 405 nm.

6.2  Adipogenic differentiation

Adipogenic medium: a-MEM supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, P/S, 1 uM dexamethasone, 500 uM IBMX (3-isobutyl-1-
methylxanthine), and 10 uM insulin. Undifferentiated cells were treated with a-
MEM supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, P/S.

Incubate BM-MSCs for 14 days and change media every two days.

Prepare 0.30 % Oil Red O solution:

1. Prepare stock solution: Dissolve 30 mg of Qil Red O in 10 mL absolute
isopropanol. Mix well and let it sit for 20 minutes. "t Stock solution can be
stored for one year at RT protected from light, however | would advise
preparing the desired volume freshly when needed.

2. Working solution: Just before use, dilute 3 parts of stock solution with 2 parts
of milliQ water. Mix well and let it sit for 10 minutes. “* Use the solution
within 2 hours.

Filter the solution before use with a 0.2 um filter.
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Staining:
At day 14, aspirate media and clean twice with PBS.
Fix cells with 4% PFA for 30 minutes
Discard PFA and clean twice with PBS.
Incubate cells with 400 ul of 60% isopropanol for 5 minutes at RT.

Discard isopropanol

AN O

Stain cells with 400 pl of 0.30% Oil Red O working solution for 15 minutes at
RT and gentle shaking. Protect the plate from light. ™ Filter the solution
before use with a 0.2 um filter.

7. Discard the staining solution and clean three times with PBS.

8. Cover cells with PBS and photograph lipid droplets with an inverted light

microscope.

Oil Red O quantification:
1. Add 400 pl of absolute isopropanol and incubate for 1 minute at RT and
gentle shaking.

2. Transfer 100 ul into a 96 well plate and measure the absorbance at 510 nm.

6.3 Chondrogenic differentiation

Chondrogenic medium: D-MEM supplemented with 10% FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, P/S, 10 uM dexamethasone, 0.35 mM L-Proline,
ITSX 1X, and 0.4 nM TGF-B1. Undifferentiated cells were treated with D-MEM
supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, P/S.

Differentiate cells for 21 days and change media every 2 days.
®LWwhen BM-MSCs differentiate into chondrocytes, cells form a cartilage-like

membrane that starts to fold and detach. This is normal but can hinder the obtention

of good images. To ensure that you can have good pictures, try to adjust the
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concentration of TGF-B1 or the time of differentiation. Control your experiment to

avoid losing samples.

Staining:

H wo N

Fix cells with 4% PFA for 30 minutes

Discard PFA and clean twice with PBS.

At day 21, aspirate media and clean twice with PBS.

Incubate cells overnight at RT and gentle shaking with 400 pl of 1% Alcian

Blue 8GX in HCl 0,1M. Protect the plate from light. ™ Filter the solution

before use with a 0.2 um filter.

5. Discard the staining solution and clean gently three times with PBS.

6. Cover cells with PBS and photograph cartilage glycosaminoglycans and

glycoproteins with an inverted light microscope.

Alcian Blue 8GX quantification:

1. Incubate cells with 400 pl guanidine HCl 6M for 2 hours at RT and gentle

shaking.

2. Transfer 100 pl into a 96 well plate and measure the absorbance at 650 nm.

All the quantifications were performed using the Tecan Sunrise Microplate

Reader.

Key resources

Product

Reference

a-MEM

L-Ascorbic acid 2-phosphate
B-Glycerol phosphate
Alizarin Red S
Dexamethasone

IBMX (3-isobutyl-1-methylxanthine)

M8042, Sigma-Aldrich
A8960, Sigma-Aldrich
50020, Sigma-Aldrich
A5533, Sigma-Aldrich
D2915, Sigma-Aldrich
15879, Sigma-Aldrich
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7

Insulin 1-6634, Sigma-Aldrich

OilRed O 0-0625, Sigma-Aldrich

D-MEM 01-055-1A, Biological Industries
ITSX 51500-056, Gibco

L-Proline 1.07434, Merck

TGF-B1 T-7039, Sigma-Aldrich

Alcian Blue 8GX A-5268, Sigma-Aldrich
Guanidine chloride (G9284, Sigma-Adrich

Colony forming units assay

For the Colony Forming Units (CFU) assay, control or DoxoR-treated HSCs were

seeded in MethoCult GF M3434 following the protocol described by Rodriguez, et

a/.388
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1.

Count isolated HSCs (see section 1.2.2). “ Plan the experiment considering
you’ll need 2000 cells / condition. Start with some hundred cells extra, as
you will lose some cells centrifuging and resuspending.

Adjust cell suspension to a concentration of 2000 cells in 100 pl of culture
media (check media described at section 1.2.2).

Add 3 mL of MethoCult into a 15 ml tube. * Thaw MethoCult slowly in the
refrigerator the day before of the experiment and next day heat it at 37 °C.
MethoGult is very viscous, be patient and pipette slowly.

For every 3 ml of MethoCult add 30 pl P/S and 100 pl of HSCs suspension. P
With this mix you can seed three 35 mm culture dishes, as each dish will be
seeded with 1 mL of the mix.

Vortex cell suspension for 5-10 seconds.

Let the mix stand for 5 minutes or until the bubbles disappear.
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7. Very slowly and homogeneously, without introducing air bubbles, distribute

10.

1 mL of the Cell-MethoCult mix per 35 mm culture dish. “* These are
untreated dishes, special for optimal colony growth in methylcellulose-
based assays. If you don’t have these dishes use untreated cell culture plates.
Never use treated cell culture dishes as these prevent 3D colony formation
and hamper the proper identification of the colonies.

Place 3-4 of these 35 mm dishes on a 150 mm cell culture dish. Place other
2-3 35 mm dishes filled with sterile milliQ water to create a humid chamber.

®LTo create the humid chamber use normal 35 mm dishes.

Incubate cells for 7 days. ‘™ Check every 2 days for water levels to ensure the
humidity of the chamber.

At day 7 (and if needed at day 12), assess the size, shape, and colour of the
colonies under an inverted light microscope. “*Colonies identification is very
tricky and require some training before the day of the experiment. Prepare
yourself with tutorials and identify a good microscope. Better than taking
pictures, identify the colonies in situ. The webpages of R&D Systems and

Stem Cell Technologies have very good resources.
We have identified three types of colonies: CFU-M (colony forming

unit-macrophage), CFU-G (colony forming unit-granulocyte) and mixed

colonies CFU-GM. CFU-M are a homogeneous population of macrophages
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that are colourless, large, and round. Clonogenic progenitors of granulocytes
give rise to a homogeneous population much smaller and compact than CFU-
M. CFU-GMs colonies are heterogeneous having both macrophages and

granulocytes.

CFU-M CFU-GM

Key resources

Product Reference
MethoCult GF M3434 03434, Stem Cell Technologies
35 mm Culture Dishes 27100, Stem Cell Technologies
8 Chemotaxis assay

The chemotactic migration of THP-1 and primary monocytes was analysed

using the InnoCyte Monocyte Cell Migration Assay.

1. Serum-starve cells for 3 hours. If the experiment requires, treat cell with 0.9
pg/ml of PMX53 for 30 minutes before starting the assay.

2. Pre-humidify upper chambers of the assay plate for 30 minutes, with 20 pl
of media without FBS.

3. 30 minutes before the time is up, prepare lower chambers with 150 pl per
well of the defined conditions. <™ Cells will migrate from the upper chamber
towards the lower chamber, therefore, include in the lower wells the
chemotactic (C5a), negative (media without FBS) and positive (media with
FBS) controls required.

4. Count starved cells and leave it to a concentration of 10° cells per 100 pl of

culture media.
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Place upper chambers on top of the lower chambers carefully without

leaking liquid.

Charge the upper chambers with 100 ul of cell suspension.

Incubate for 2-20 hours in the incubator. " In our experimental conditions

2-4 hours was ideal for monocyte migration.

Prepare the cell labelling mixture few minutes before migration time is up.

a. Cell labelling mixture preparation: Thaw Calcein-AM solution

(provided) to RT and add 35 pl of the solution to 10 mL of PBS. Mix
well and use. ‘™ To save reagents strictly prepare the volume
needed for the experiment, considering that each well is stained
with 100 pl of the diluted solution.

Remove the upper chamber and do not discard it. “* Place the upper

chambers on a sterile cell culture lid. re-charge lower chambers with new

media and reload the upper chambers to enable migration for longer

periods.

Transfer the medium containing migrated cells from the lower chamber into

a black 96 well conical bottom plate. ' Use the multi-channel pipette.

Place the 96 well black plate in a centrifuge equipped with plate holders and

centrifuge for 10 minutes at 250 g.

Discard the supernatant without dislodging the pelleted cells. " Aspirate

carefully with a pipette.

Add 200 pl of PBS and discard it carefully. Do not resuspend the cells.

Add 100 pl of cell labelling mixture and resuspend the cells.

Cover the plate with a plate sealer protect plate from light.

Incubate for 45 minutes in the incubator.

Read the fluorescence using a plate reader at an excitation wavelength of

485 nm and an emission wavelength of 520 nm.
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Key resources

Product Reference
InnoCyte Monocyte Cell Migration Assay CBA098, Sigma-Aldrich
96 Well Conical Bottom Plate 249945, Sigma-Aldrich
9 Gene expression analysis

In this thesis gene expression profiles were performed through RT-gPCR and
mRNA-sequencing. RT-gPCR was performed on RNA isolated from cell cultures and
whole tissues, long bones, and bone marrow, while RNA-Sequencing was only
performed in RNA isolated from long bones. The first steps of tissue preparation and
RNA isolation are common for both methods and therefore will be explained
simultaneously. Divergence points in the protocol will be signalled and explained in

two different sections: RT-gPCR and RNA-sequencing.
RNA isolation

Total RNA was isolated from cell cultures or murine tibia and femur cells using
the TRIsure reagent. ® Currently this reagent was replaced by Primezol. Both

reagents follow the same protocol.

A. Homogenization

Starting material

Adherent cell cultures
1. Aspirate cell culture media. “* If you have a lot of floating death cells

perform 1-2 washes with PBS.
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Directly add 500 pl of TRIsure/Primezol per well of a 6 well plate. “* Always
work on chemical hood, phenols are toxic.

Perform RNA isolation protocol or freeze cell culture plates at -80 °C for
several months. “** Safe stop here!

The day of RNA isolation, thaw plates at RT and transfer TRIsure/Primezol-
homogenized cells into new autoclaved 1.5 ml eppendorfs. <t Always work

with autoclaved new material.

Bones and bone marrow
Separate tibiae and femur and discard muscles and tendons. - Work very
fast! Try to perform all the steps, from mouse decapitation until bones snap
freezing, in 3-5 minutes to prevent RNA degradation.
Excise the distal and proximal epiphyses of both bones. °* Make sure bones
are very clean to avoid gene contaminants from non-bone cells.
Introduce tibiae and femur inside of a 0.75 ml microtube, which bottom was
previously perforated with a 23 G needle tip. “** Introduce each bone a
separate 0.75 ml tube.
Introduce this 0.75 ml microtube inside of a 2 ml round bottom centrifuge
tube.
Centrifuge at > 20 000 g for 15 seconds at 4 °C.
Bone marrow is collected inside the 2 mL round bottom tube.
a. Add 1 ml of TRIsure/Primezol and pipette up and down 10-20 until
the tissue is homogenized.
b. Snap freeze in liquid nitrogen. " Isolate RNA the same day or freeze
at -80 °C and perform isolation as soon as possible.
Clean bones will remain inside the 0.75 ml microtubes.
a. Crush bones with a clamp and introduce inside of a 2 ml Eppendorf
pre-placed with 1 mL of TRIsure/Primezol. °* Pool a minimum of two

long bones to have a decent yield. For RNA-sequencing pool 4 bones.
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The 2 mL Eppendorf is a relevant detail! The round bottom will be
very useful for the mechanic homogenization of the tissue.

b. Snap freeze crashed bones preserved in TRIsure in liquid nitrogen
and store at -80 °C until isolation. “™ To reduce RNA decay perform
the isolation as soon as possible.

c. The day of RNA isolation, take samples from -80 °C, place samples
on dry ice and thaw in groups of 3 samples.

d. Perform polytron (Kinematic PT) homogenization at maximum
speed, for 45 seconds. ‘™t While homogenizing, keep samples cold.

e. Place homogenized samples on ice and wait until RNA isolation.

L RNA stabilizing reagents such as RNAprotect (Qiagen) and RNAlater
(ThermoFischer) are not suitable for bone as these cannot ensure full access to this

hard tissue.

B. Phase separation

Reagents: Have cold solutions, stored at -20 °C, of isopropanol, chloroform

and 75% ethanol (dilute absolute ethanol in DEPC-treated milliQ water).

DEPC-treated milliQ water:
Prepare milliQ water with 0.1% of DEPC.
Shake vigorously to bring DEPC into solution.

Incubate the solution at 37 °C for 12 hours.

Ll S

Autoclave for 15 minutes to remove any trace of DEPC. "t Seal the bottle
with parafilm and store at 4 °C. Always open the bottle in sterile conditions

to increase the time of preservation.
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All reagents’ volumes are shown considering the starting volume: 500 pl of

TRIsure/Primezol. ®* For bone marrow and long bones double volumes.
L From this moment you don’t need to work on ice. Be quick and precise.

1. Add 100 pL of cold chloroform.

2. Shake the rack vigorously 15 seconds.

3. Incubate samples for 3 minutes at RT.

4. Centrifuge 12000 g for 20 minutes at 4°C.

Samples get separated into a pale green (TRIsure) / pale pink (Primezol),
organic phase, a thin white interphase, and a colorless upper aqueous phase that
contains RNA. "t Do not disturb the phases! Take out the tubes from the centrifuge
very carefully. If a tube falls or phases get disturbed, centrifuge again 12000 g for 15
minutes at 4°C.

5. After centrifugation, transfer the aqueous phase very carefully, without
disturbing the interphase to another 1.5 ml tube. “ It is better to use a 200
ul pipette to perform this step. If you aspirate the interphase, make the
decision depending on: option 1) you were just starting, then centrifuge
again 12000 g for 15 minutes at 4°C. option 2) you already separated almost
all the upper phase into a new tube, then discard the volume you have in the

pipette, containing upper phase contaminated with the interphase.

IMPORTANT! Form this moment you can: i) proceed to RNA precipitation
(Step C) if the downstream method is RT-qPCR; ii) proceed to RNA purification
through RNAeasy Mini Kit if the downstream application is RNA-sequencing (Section
9.2).
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C.

P oW N

RNA precipitation

Add 1 pl glycogen 20 mg/ml to make RNA pellet visible.

Add 250 ul cold isopropanol and mix by finger flicking.

Incubate 10 minutes at RT’.

Centrifuge at 12,000 g for 20’ at 4°C. ** Place all the eppendorfs in the
centrifuge with the same orientation so the RNA pellet precipitates towards

the same side in all the samples.

RNA wash

1. Remove the supernatant without disturbing the pellet. “* For higher
precision and reduce disturbances, use a p1000 pipette with a blue tip

placed inside of a white tip.

Wash the pellet once with 500 pl 75% ethanol. ©* Safe stop: samples can be

stored preserved in ethanol for one week at 4 °C, or 12 months at -20 °C.
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2. Vortex samples until you detach the pellet.

3. Centrifuge 7500 g for 5 minutes at 4 °C.

Re-dissolving the RNA

1. Remove the supernatant without disturbing the pellet. “* For higher
precision and reduce disturbances, use a p1000 pipette with a blue tip
placed inside of a white tip.

2. Drythe pellet 45 minutes on a heating block at 45 °C.

3. Dissolve the pellet by incubating 10 minutes at 55 °C in 15 pl DEPC-
treated milliQ water.

4. Store RNA at -80 °C or proceed with RNA quantification and

retrotranscription. “* From now on always keep RNA samples on ice.
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RNA reverse transcription

Before performing RNA reverse transcription (RT) into stable cDNA, use the
nanodrop to assess concentration and purity of your samples. "t Purity is assessed
through measuring absorbance at 260/280 nm and 260/230 nm. A good purity for

RNA is considered when both ratios are around 2.0.

Purified RNA was reverse-transcribed using the High-Capacity cDNA Reverse

Transcription Kit. 1-2ug of RNA was RT in 30 ul final volume, as follows:

1. Calculate the volume of RNA needed to RT the quantity of interest. If the
volume is lower than 15 pl, calculate the volume of DEPC-treated water
needed to top up to 15 pl.

2. On a PCR microtube add the DEPC-treated water and RNA. “** Both volumes
are variable for each sample so make sure you have a good excel file with all
the values.

3. Prepare the RT mix from the kit as follows:

L yolumes are considered per sample, so adjust to the total number
of samples. Add 2 extra samples.
a. 3 ulof 10X Buffer
b. 1.2 plof dNTP Mix
c. 3 ulof RT Random Primers
d. 1.5 pl Reverse Transcriptase
e. 6.3 ul DEPC-water
4. Add 15 pl of the RT mix to each sample.
5. Mix well the PCR tubes by vortexing and spinning with a microcentrifuge.

6. Perform the PCR.

197



Materials & Methods

9.1 RT-gPCR

Quantitative PCR was carried out in the QuantStudio™ 7 Pro Real-Time PCR
System using TagMan primers with SensiFAST Probe Hi-ROX Mix. Fold changes in
gene expression were calculated using the AACt method, where all transcripts were

normalized to TATA binding protein (Tbp) expression.

cDNA mix
For each sample prepare the mix considering that the total number of wells =
duplicate per sample + number of genes to be analyzed + 4 extra wells. Therefore,
for each sample prepare:
1. Total number of wells * 0.5 pl cDNA.

2. Total number of wells * 4.5 ul milliQ water.

TagMan probes mix
For each probe prepare the mix considering that the total number of wells =
duplicate per sample + total number of samples + 4 extra wells. Therefore, for each
probe prepare:
1. Total number of wells * 0.5 pl TagMan probe.
2. Total number of wells * 5.5 ul SensiFAST Probe Hi-ROX Mix.

On a MicroAmp™ Optical 384-Well Reaction Plate add to each well 4.5 pl of

the cDNA mix and 5.5ul of the TagMan probe mix.
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Reference

TRIsure / Primezol

Glycogen

Diethyl pyrocarbonate (DEPC)

High-Capacity cDNA Reverse Transcrip kit

SensiFAST Probe Hi-ROX Mix

MicroAmp™ Optical 384-Well Plate

MicroAmp™ Optical Adhesive Film

TaqMan probes

Gene

Assay ID

BIO-38033, Bioline

G-8876, Sigma-Aldrich

D5758, Sigma-Aldrich

4368814, Applied Biosystems

BI0-82020, Meridian

4309849, Applied Biosystems

4360954, Applied Biosystems

Gene

Assay ID

Senescence

Adipogenic

Cdknla
Cdkn2a
I11a

116
Csfl
Csf2

Mm 04205640 _g1
Mm 00494449 m1
Mm 00439620_m1
Mm 00446190_m1
Mm 00432686_m1
Mm 01290062_m1

Pparg
Cebpa
Cebpb
Fasn
Lipe
Pnpla2

Mm00440940_m1
MmO00514283 sl
Mm 00843434 sl
Mm 00662319_m1
Mm 00495359 _m1
Mm 00503040_m1

Osteogenic

Osteoclastogenic

Runx2

Sp7 (Osx)
Collal

Dmpl

Dkk1

Sost

Mepe

Tnfsf11 (Rankl)
Tnfrsfllb (Opg)

Mm 0300349_m1
Mm 00504574_m1
Mm 00801666_g1
Mm 01208363_m1
Mm 00438412 m1l
Mm 03024247_¢g1
Mm 02525159 _s1
Mm 00441906_m1
Mm 00435454 _m1

Csflr

Tnfrsfl (Rank)
Nfactl

Mmp9

Ctsk

Acp5 (Trap)

Mm 01266652_m1
Mm 00437132_m1
Mm 01265944 m1
Mm 00442991 m1
Mm 00484039_m1
Mm 00475698_m1

Complement

Housekeeping

TBP

Mm 01277042_m1

Cfd
Cfb

C3aR1
C5aR1

Mm 01143935 _g1
Mm 0433909_m1

Mm 02620006_s1
Mm 0500292_s1
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9.2 RNA-sequencing

RNA purification

The RNA-containing fraction (from phenol-chloroform extraction, see section

9) was then purified using the RNeasy Mini Kit and treated with DNase I, as follows:

1. Add one volume of 70% ethanol and mix immediately by pipetting.
2. Transfer up to 700 pl of the sample to the RNeasy spin column placed ina 2

ml collection tube. “** You’ll have approximately a total volume of 800 pl, so

perform this step twice charging 400 ul to the column each time.

3. Centrifuge 15 seconds at 8000 g. “™* Perform all centrifugation steps at 20-

25 °C. Ensure that the centrifuge does not cool bellow 20 °C.

4. Discard the flow-through. " In this step RNA adheres to the column.
Perform DNA digestion:
Prepare DNAse | stock solution:

a. Dissolve the lyophilized DNase | in 550 ul of RNAse free water
(provided). “** To avoid loss of DNase | do not open the vial and
inject the RNase free water into the vial with an RNase-free
needle and a syringe.

b. Mix gently by inverting the vial. “ Do not vortex.

Prepare DNase | incubation mix:

a. Number of samples * 10 ul DNase | stock solution

b. Number of samples * 70 pl of buffer RDD

c. Mix gently by inverting and spin all the volume down.

Add 350 ul buffer RW1 to the RNeasy spin column.
Centrifuge 15 seconds at 8000 g and discard the flow-through.

Add 80 ul of DNase I incubation mix to the RNeasy spin column.

© N o w

Incubate at RT for 15 minutes.
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Add 350 pl buffer RW1 to the RNeasy spin column.

Centrifuge 15 seconds at 8000 g and discard the flow-through.

Add 500 pl of buffer RPE. ®* The first time of use, add to buffer RPE, 4
volumes of absolute ethanol.

Centrifuge 15 seconds at 8000 g and discard the flow-through.

Add 500 pl of buffer RPE. ™ The first time of use, add to buffer RPE, 4
volumes of absolute ethanol.

Place the column in a new 2 ml collection tube and centrifuge at full speed
for one minute.

Place the column in a new 1.5 ml collection tube and add 30 ul of RNase-free
water. °* This is the elution step. Make sure the small volume is placed in
the centre of the column.

Incubate 10 minutes at RT.

Centrifuge 1 minute at 8000 g. “ RNA is purified and ready for quality
assessment. From this moment keep RNA on ice when working or store at -

80 °C.

¢PL Using the RNeasy Mini Kit, all RNA molecules longer than 200 nucleotides

are purified, therefore make sure your RNA do not degrade in previous steps

otherwise fragmented RNA will be lost.

Quality and quantity assessment

For RNA quality and quantity assessment, samples were sent in dry ice to the

Scientific and Technological Centers of the University of Barcelona (CCiTUB) at Parc

Cientific.
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Input quantity: for stranded total RNA or mRNA sequencing have a minimal
quantity of 2 ug total RNA. ®* Samples were quantified using the Qubit® RNA BR

Assay kit (Thermo Fisher Scientific).

Input for quality: good quality is considered from Bioanalyzer profiles with an
RNA integrity number (RIN) > 8. “™* RNA integrity was estimated with the Agilent RNA
6000 Pico Bioanalyzer 2100 Assay (Agilent). As bone is a difficult tissue to work with

RIN > 7 are acceptable.

Analysis

RNA sequencing and primary analysis was performed by Centro Nacional de

Andlisis Genémico (CNAG), as follows:

The RNASeq libraries were prepared with the KAPA Stranded mRNA-Seq
lumina® Platforms Kit (Roche) following the manufacturer’s recommendations.
Briefly, 500 ng of total RNA was used for enrichment of the poly-A fraction with oligo-
dT magnetic beads, following mRNA fragmentation. Strand specificity was achieved
during the second-strand synthesis performed in the presence of dUTP instead of
dTTP. The blunt-ended double stranded cDNA was 3’adenylated, and Illumina
platform-compatible adaptors with unique dual indexes and unique molecular
identifiers (Integrated DNA Technologies) were ligated. The ligation product was
enriched with 15 PCR cycles. The size and quality of the libraries were assessed in a
High-Sensitivity DNA Bioanalyzer assay (Agilent). The libraries were sequenced using
the HiSeq 4000 (lllumina) platform with a read length of 2 x 76 bp + 8 bp + 8 bp using
the HiSeq 4000 SBS kit (lllumina).

Reads were mapped against the mouse reference genome (GRCh38) with

STAR/2.5.3a using the ENCODE parameters for long RNA. Genes were quantified with
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RSEM/1.3.0 using the gencode annotation M23. Quality control of the mapping and
quantification steps was performed using 'gtfstats' from GEM-Tools 1.7.1.
Differential expression analysis was performed with DESeq2/1.18 using the default
parameters. Unwanted sources of variation were removed with surrogate variable
analysis using the sva R package 59. Genes with FDR <5% were considered significant.
Heatmaps of differentially expressed genes were generated using the DESeq2 'rlog'
transformation of the counts. Top categories were selected according to the

adjusted-P values.

Pathway enrichment analysis and visualization of the data was performed
using g:Profiler and Gene Set Enrichment Analysis (GSEA), following the practical

step-by-step guide from Reimand and colleagues.3®

Key resources

Product Reference
RNeasy Mini Kit 74104, Qiagen
RNase-Free DNase Set 79254, Qiagen

10 Western blot

Cell lysis: Cells were lysed with 1% (w/v) SDS, 10 mM TRIS, 1 mM EDTA, pH
8.0.

1. Aspirate cell media and clean twice with PBS.
2. Add 200 pl of cold lysis buffer and scrape cells. “** Safe stop: cell lysates can

be stored at -20°C.

Protein quantification: Protein was quantified with BCA protein Assay Kit as

described by the manufacturer.
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SDS-PAGE and blotting: Equal amounts of protein from cell lysates were
resolved by SDS-polyacrylamide gel electrophoresis and transferred to Immobilon-P

membranes, using the Semi-Dry Blotting system from Bio-Rad.

Immunodetection: Blocked membranes were incubated overnight at 4 °C and

gentle shaking with the following primary antibodies:

Primary antibodies used for immunoblotting

Antibody Reference Dilution
phospho-S6 2211, Cell Signaling 1:1000
phospho-Hsp27 2401, Cell Signaling 1:1000
phospho-ERK1/2 91011, Cell Signaling 1:1000
B-actin 6276, Abcam 1:4000

Immuno-reactive bands were detected with horseradish-peroxidase-
conjugated secondary antibodies and an EZ-ECL kit) following the kit manufacturer’s

recommendations. Images were acquired using LAS3000 (Nikon).

Quantification of the band intensities was performed with Fujifilm Multi

Gauge software using B-actin for normalization.

Key resources

Product Reference
Pierce BCA Protein Assay Kit 23225, ThermoFischer
Immobilon-P PVDF Membrane IPVH00010, Millipore
EZ-ECL kit 20-500, Biological Industries
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11 Mouse models

Female and male C57BL/6 WT and C5ar1”- (C5arltm1Cge, purchased from The
Jackson Laboratory) mice were used. Mice were housed at under a 12 h light/12 h
dark cycle with access to food and water ad libitum. All procedures were approved

by the Ethics Committee for Animal Experimentation of the Generalitat of Catalunya.

In all the experiments, mice were weighed every 3-5 days to control for

treatment toxicity.

11.1 Chemotherapy-induced senescence model

Senescence induction: 15-week-old male mice received a single
intraperitoneal injection of vehicle (sterile saline solution) or 10 mg/kg DoxoR. ™
Resuspend DoxoR with milliQ water to prepare a 2 mg/ml solution. Prepare the final

solution by diluting DoxoR in saline solution.

For intraperitoneal injection, tilt the mouse with its head slightly toward the
ground. This allows the abdominal viscera to shift cranially and minimize accidental
puncture of abdominal organs at site of injection. Typically, the injection site will be
in the animal’s lower right or left quadrant. Insert the needle with bevel up with an
angle 30°-45° to the body. Aspirate a little bit and if no blood is seen in the needle

hub, inject your solution.

For senolysis mice received by oral gavage, at days 7 and 21, daily for seven
days either Vehicle (10% ethanol, 30% polyethylene glycol 400 and 60% Phosal 50
PG) or 50 mg/kg ABT263 (Navitoclax). “* Prepare a stock solution of 100 mM (97
mg/ml) in DMSO. Prepare the administered final solution by diluting ABT263 in the

vehicle.
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Oral gavage enables to administer directly into the stomach a precise volume
of unstable or unpalatable compounds. The recommended maximum volume for
administration is 1% of body weight. * Handling is critical! Only perform oral gavage
when you train enough how to securely hold the mouse. When properly hold in an
upright position and head fixed, introduce the cannula inside the mouth and bring
the head a little bit up. When correctly positioned, the cannula advances effortless
towards the stomach. If you feel any resistance stop immediately and improve mice

holding. Repeat again, softly, and carefully.

If while the compound is being administered or after it, the animal coughs,
chokes or begins to struggle you may be injecting / have injected liquid into the lungs.
If this occurs stop immediately and carefully observe the animal as you may need to

perform euthanasia.

For complement experiments, the day after DoxoR treatment, mice received
daily for 29 days a subcutaneous injection of vehicle (saline solution) or 1 mg/kg
PMX53. *t Resuspend 10 mg PMX53 in 1 ml absolute ethanol and then dilute to 1

mg/ml in sterile water. Store the drug protected from light at -80 °C.

The subcutaneous injection allows the administration of solutions beneath the
skin. © To ease the handling, immobilize the mice firmly but carefully against the
top grill of the cage. Create a pocket of loose skin between the shoulder blades (or
anywhere there is loose skin and is easy for you to handle) and insert the needle into
the pocket. Aspirate prior to injection to ensure the needle is properly positioned. If

no blood is seen in the syringe, proceed with the injection.
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Key resources

Product Reference
Nucleo Spin Tissue Kit 740952.50, Macherey Nagel
Saline solution From the pharmacy
Doxorubicin 5927, Cell Signaling
Polyethylene glycol 400 25322-68-3, Merck
Phosal 50 PG Lipoid
ABT263 C-1009, Chemgood
PMX53 HY-106178, MedChemExpress

11.2 Ovariectomy mouse model

Eight-week-old female mice underwent sham surgery (Sham) or bilateral
ovariectomy (OVX). OVX is a procedure where ovaries are surgically excised and
represents the gold standard model to study oestrogen deficiency and

postmenopausal osteoporosis in vivo.

The mouse ovaries are located at the posterolateral poles of the kidneys, each
attached to the dorsal body wall of the abdominal cavity. We reach the ovaries by a
double dorsolateral incision, a method that enables easy access to the ovaries and

quick recovery after surgical procedure.
Preparation

1. 30 minutes before the surgery inject subcutaneously 0.1 mg/kg
buprenorphine. " Stock solution is 0.3 mg/ml, dilute in saline solution to

0.02 mg/ml. Administer buprenorphine as far as possible of the surgical area.
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ovX

1. Anesthetize the mouse with isoflurane.

208

a. Introduce the mice inside of a transparent anaesthesia chamber.

b. Add a cotton soaked with isoflurane.

c. Once the mice stop moving, transfer the animal to the surgery area
in a prone position, connected with isoflurane nose cone. Isoflurane
is administered in conjunction with pure oxygen in 1.5-3% for
maintenance of anaesthesia in mice.

Apply eye lubricant to prevent corneal drying and damage. “** Make sure
eyes don’t dry during the procure.

Shave hair off the flank area (between the hump and above the pelvis).
Disinfect skin with iodine solution. “°* Clean excess, as iodine can harden the
identification of muscle and adipose tissue.

Make a small central incision in the skin.

Grab the muscle with a clamp and perform a unique small incision. “*
Depending on the phase of the cycle, the ovary can be seen through the
intact muscle.

Introduce a thin forceps through the incision to access the fat pad. Grab the
ovarian fat pad, pull it out through the muscle incision. Ovary will be easily
identified. " While fat depot is homogeneously white, the ovary looks
reddish or whitish granular.

Using a sterile thread, make two knots just below the ovary, to delimitate
the area to be removed. ** Have some sterile suture threads already cut to
ease this step. If you are alone, use haemostatic tweezers to tightly clamp
the region below the ovary.

Remove ovary by cutting above the knot and replace the fat pad inside the
cavity. “ In Sham mice, do not remove the ovary. Take out fat pad and

reintroduce into the cavity without manipulating the ovary.
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Repeat steps 5-10 on the left side.

Perform horizontal mattress suture to close the skin.

To conclude inject 2 mg/kg meloxicam subcutaneously. “* Meloxicam will
last up to 24h and should be readministered at 24, 48 and 72 hours after the
surgery.

Cover the sutured skin with a soft scar sheet to reduce access to the wound.
Do not use regular tape, as they are breakable and too sticky and might

cause discomfort.

Recovery

Place the animal on a heating pad until it is recovered. “* You'll see in 5
minutes the mouse starts moving. Place one mouse per cage until the wound
is completely healed. The first day place humid pellets inside the cage and a
small cell culture dish with water. Make a bed with soft paper.

Observe the animal daily for any inflammatory signs. Inspect the surgical
wound and look for any behaviour that suggests pain.

Disinfect the wound daily with iodine. Apply regeneration creams if needed.
CPLIf the animal removes the suture and open the wound, suture again

(anesthetize with isoflurane and perform suture).

Key resources

Product Reference
Buprenorphine (Buprex 0.3mg) Animal facility
Isoflurane (Aerrane 100%) PDG9623S, Baxter
Eye lubricant Siccafluid Pharmacy
Meloxicam sodium salt hydrate M3935, Sigma-Aldrich
Surgical suture Silkam 4/0 45cm C0762253, Braun
Scalpel Blades #11 10011-00, Fine Science Tools
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For complement experiments, the day after surgery, mice received daily for 59 days

a subcutaneous injection of vehicle (saline) or 1 mg/kg PMX53.

Step-by-step protocol of OVX

Quick-guide OVARIECTOMY

General setup Shave and disinfect ~ Central incision  Identify region of interest Grab muscle

F

Make a small incision Introduce thin forceps  Take ovarian fat pad out

7

Cut extra suture Reintroduce fat pad

Repeat the process for right ovary

Wound closure

Horizontal mattress suture Make three loops and take the end of the suture thread

Pass the thread through Make three loops in opposite Cover wound
the loops direction and repeat knot

Carolina Pimenta-Lopes, 2023
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11.3 Aging mouse model
20- to 22-month-old female and male C57BL/6 WT mice received daily for 30

days a subcutaneous injection of vehicle (saline) or 1 mg/kg PMX53.

12 Micro-computed tomography

UCT was performed in fixed tibiae (4% PFA, 24h). **Clean bones once with PBS 24h

and for long term storage keep samples on PBS — sodium azide solution, at 4 °C.
Image acquisition

High-resolution images were acquired using a computerized
microtomography imaging system at the Universitat Politecnica de Catalunya
(Skyscan 1272, Bruker microCT) in accordance with the recommendations of the
American Society of Bone and Mineral Research (ASBMR). Samples were scanned in
air at 70 kV and a power of 10 W (143 pA) with an exposure time of 2700 ms, using
a 1 mm aluminium filter and an isotropic voxel size of 11 um. Two-dimensional

images were obtained every 1° of a 180° rotation.
Reconstruction

Images were reconstructed using the NRecon software (version 1.7.1.0,

Bruker), as follows:

1. Load images at the NRecon software: actions > open data > select any
image but .arc.

2. At tab Start: preview > if needed redefine ROl dimension to 759 X 759 >
move ROl to include the bone.

3. At tab Output: define the output to 0.01 — 0.08. In destination select the
folder to save the images. Make a new folder called Rec to differentiate
RAW data from reconstructed files.

4. Attab Settings:
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a. Smoothing: select. This is the value by default and is the same
between the samples of the same study.
b. Misalighment compensation: select. This can change between
images.
c. Ring artifact reduction: 8 by default.
d. Beam hardening correction: 31-41%. This value has to be the same
between samples of the same study.
5. Attab Advanced:
a. Smoothing kernel: Gaussian.
b. Defect pixel masking: 5% by default.
6. At tab Start: add to batch. ® When all samples are added select Start

batch and leave the computer working overnight.
Analysis
Images were analysed with a CT Analyzer (version 1.17.7.2, SkyScan).

1. Open the first file with a transversal view of bone:

2

[ Preview

t64_rec0000_spr  TB4_recO0000057 T&4_recO0000058

[JResizeby 2
5 N
File name T64_rec0000005 Open
Files of type: | All supported files (bmp: jpg: png: 1 raw:isc v Cancel
Open as: Dataset v # 4 v Image size: 760x760 pixels
2. Select @ to open the tab Shadow projection and select Projection view:
along profile > ok > send image to shadow projection window. ' The scree
will be divided into three main windows:
a. Up left: shadow projection. The red line defines the region
showed in the window down left.

b. Down left: transversal cut of bone
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c. Raw images: list of all the images generated when scanning bone,

defined by a Z-position in number and measured in mm.

File View Image Projection Help
z EHemrDHE @A K

* @8 Rowmages @ Regers o meest

AR =1
4 Shadow profection
4 Vome

3. For trabecular measurements, manual ROIs were selected, starting 0.6
mm from the distal growth plate of the tibiae and extending to the
diaphysis for 2 mm. For cortical parameters, a 3 mm section starting from
the bifurcation of the fibula was selected. “* VERY IMPORTANT: always
save ROls as these are essential to perform 3D representation.

a. To select a range of stacks, do: right click on the first stack and
define the top and bottom range. ® Make sure the distance

between stacks covers the area of interest to be analysed.

£ Rawimages @ Regions of interest

Fie name Z-posiion
»

B54_rec00001175 bmp 1175 ne (12925 mm) Diieet  Anabtic

(@8154_rec00001174 bmp. 1174 line (12.314 mm)

[ 164_rec00001173 bmp 1173 ne 12,803 mn)

- Zpostion
@854 _ec00001172 b Selection Reference Ctrlelnsert ) 2
E:g:—'ecgggg]:;; @ SeineToporScien  CueHome [ Top: 1292 = 4212mm SelectAl
rect =

{85154 _reco00i16q = Setthe Bottom of Selection __Ctrl+£nd b = :

B ones = EEE N Aosh
B | @se_reco0001167 e s h -

nimation ace | r .

8| [W81st_recoouoriee . p Y Midde:  [674 ‘ 7414 mm oK
Pastte [@ Propertics... Al Enter
€ Grayscale T Apply towi Cancel

4. Inthe tab @ define ROIs.
a. Trabecular ROIs: Select polygonal selection tool and design ROI

avoiding cortical bone. Make selection every 20 stacks.
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b. Cortical ROIs: Select cortical bone following the direction of the
arrows. Make selection every 50 stacks.

~_ e

5. Inthetab define the histogram:
a. For trabecular analysis: 15— 255
b. For cortical analysis: 50 — 255
6. In the tab select: Image inside ROl view > Task list (make sure these
include, Thresholding, 2D analysis, and 3D analysis > Select Play.
7. Save and open generated files. Paste and graph the following parameters:
a. Fortrabecular compartment:
i. Percent bone volume, BV/TV.
ii. Trabecular thickness (plate model), Tb.Th.
iii. Trabecular number (plate model), Tb.N.
b. For cortical compartment:
i. Bonevolume, BV.
ii. Mean total crossectional bone perimeter, B.Pm.
iii. Crossectional thickness, Cs.Th.
3D representation
1. Opensample file in CT Analyzer.
2. Load ROl
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2BEE 400 Bre @ 1 o®s & G 828 0o
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@} Load the regions of interest
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Organize v New folder
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@ OneDrive - Personal
I This PC

B 3D Objects

I Desktop

t64_rec0000_ROI 164_rec0000_ROI
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& Downloads
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3. Inthetab & define the histogram and select Create 3D model. Save as type:
P3G.

Histogram
B G (%)2h e &
= Fiomimage 55 From dataset

255

15 'y
4. Open CT-Vol (version 2.3.2.0, SkyScan) and load 3D model file.
5. Open tabs: Movements, to control object orientation, and Objects, to select
colour, texture and control object’s visibility and mobility. “ Once
representative compartments for each experimental group are selected,

work with all the images at the same time to warrantee zoom and

orientation is the same.

DoxcaBT 21N 30 TRAB raul
pate

130440

EAPRD\n vivo\Mice!

6. Save images as BMP files.
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13 Histomorphometric analysis

Histomorphometric analysis was performed in a self-service basis in the
Histology Unit of IDIBELL. “** The unit supplies all the material; therefore, the Key

resources table only refers to materials directly bought by the researcher.

Fixation and decalcification

1. The right tibiae, cleaned of soft tissue, were fixed in 4% PFA for 24 h at 4 °C
and decalcified in 14% EDTA pH 7.4 for 6 weeks. " Prepare the sample
gently without breaking the bone, as the same bone is first used for uCT
analysis. Prepare both PFA and EDTA in PBS. Perform decalcification in 15 ml

tubes and use a final volume of 5 ml EDTA.

CPL Before proceeding with paraffin embedding, make sure bones are
sufficiently decalcified. To do so, take out bones from the falcon and use your fingers
to feel the tissue: it should be elastic and flexible. Hard bones can be lost when

performing microtomy.

2. Once bones are decalcified, include each tibia on a cassette and write with

pencil an ID for each sample.

!
L L

i

3. Introduce all the cassettes on a recipient filled with cold PBS and go to the

Histology Unit.
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Day 1: Paraffin inclusion — Part 1

Paraffin is not mixable with water nor ethanol; therefore, the tissue has to be

dehydrated and ethanol is finally replaced by xylene.

The hydration process is performed by the automatic Leica TP1020 Tissue
Processor. Introduce the cassettes inside the PBS recipient of the processor and
select program 1 to perform a series of incubations: ethanol 30°, 30 min > ethanol
50°, 30 min > ethanol 70°, 30 min > ethanol 90°, 30 min > ethanol 96°, 30 min >
absolute ethanol I, 30 min > absolute ethanol I, 30 min > xylol I, 30 min > xylol I, 30

min > paraffin I, 30 min > paraffin I, minimum 2 hours.

Day 2: Paraffin inclusion — Part 2

1. Transfer the samples into the paraffin pools of the Leica EG 1150 h paraffin

embedding station.
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2. Grab one metal base mold with clamps, fill it with paraffin from the

dispenser and leave it in the heated area. ®* There are molds of different
sizes, choose the one that better fits your sample.

Grab a cassette from the paraffin heated pool, break and discard the lid.
Place the bone in the metal base mold, facing the plain part downwards. “**
Define the orientation of choice and apply the same criteria for all the

samples.

Cover and trap the sample within the metal base mold with the cassette and,
very carefully, place it on the refrigeration area. Paraffine will start to
solidify, and the sample will be fixed. ™ If you think the sample moved, place
the mold in the heated area and correct the position.

Before paraffin is completely solidified, fill the mold and cassette with more
parafilm from the dispenser. This is essential to ensure that the sample block
is fused to the cassette.

Place the sample on the Leica EG1150 C Cold Plate. ** Hold the mold and

cassette for few seconds until paraffine starts to solidify.
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Day 3: Microtomy - Part 1

Paraffin blocks have to be trimmed, creating an even and flat surface in the

region of interest.

1. The day before (if performing microtomy in the morning) or early the same
day (if performing microtomy in the evening) chill blocks on a cold plate.

2. With a knife clean excess of paraffin from the blocks.

3. Insert the paraffin block in the microtome holder and orientate as desired,
so the blade will cut straight across the block.

4. Perform serial cuts of 10-30 um from the surface of the block towards the
region of interest. ® When getting close to the region of interest, perform
cycles of cutting / cooling to prevent paraffin overheating.

5. Once the tissue starts to get exposed perform several 5 um sections. Hold
the sections carefully with your left hand while cutting more slices, and with

the right hand hold a paint brush to detach the slices of interest.

6. Float them on the surface of the water in the water bath pre-heated at 40-

45 C. Pt Leave the slices to flatten for several minutes.
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7. Use a microscope slide to pick the sections out of the water bath and observe
the section on the optical microscope. * If you are close to the region of

interest stop trimming.

8. Perform steps 2-7 for every sample.

Day 4: Microtomy — Part 2

At day 4 perform microtomy sections at 5 um of all the samples. “* Sections
should include trabecular and cortical regions. Cutting bone is difficult, mainly tibiae
due to its curvature, therefore if you can’t include both compartments in the same
section, perform two sections for each compartment and bone. Leave sections to dry

overnight at 37 °C on a slide dryer hotplate.
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Paraffin blocks can be stored for years at RT'.

For TRAP and H&E stains select slides this same day and separate in two
different buckets. TRAP staining is used to identify osteoclasts, slides with a better
representation of the trabecular compartment should be selected. For H&E get a
good view of both trabecular and cortical compartments for a proper identification

of osteoblasts and osteocytes, respectively.

Day 5: Histological stains
A - Pre-staining steps

Most colorants and reagents used for histological stains are water-based,
therefore samples must be dewaxed and rehydrated to allow them to penetrate

inside the tissue.

H&E and TRAP stains were performed the same day, therefore make sure

slides are separate in two different bucks.
Dewax

1. Incubate slides at 60 °C for = 30 minutes.

Rehydration

Rehydration is performed on the automate Leica Auto Stainer XL and the
process takes around 1 hour: xylol I, 5 min. > xylol I, 5 min. > xylol lll, 5 min. > ethanol

absolute I, 5 min. > ethanol absolute I, 5 min. > ethanol 96% |, 5 min. > ethanol 96%
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II, 5 min. > ethanol 70%, 5 min. > ethanol 50%, 5 min. > ethanol 30% I, 5 min. >
distilled H,0, 5 min-to-24h.

While rehydration, prepare the battery of stains and reagents.

1. Switch ON the autostainer.

2. Take out the covers from the buckets with white labels.

3. Introduce the bucket with slides inside the machine and select program F1 >
Program 1 > Load.

4. Once rehydration is done, select exit > F4 > OFF.
Preparation

1. Make home-made filters as follow:

—HI -
‘. l

1
- -
= )

2. Filter stains and prepare trays with reagents.
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3. Transfer slides from the plastic rack into the glass rack and place it on a
bucket with distilled H,0. " Orientation is important, slides should be
placed in an alternate order to ensure that they don’t get adhered while

staining.

B — Staining: Hematoxylin & Eosin

CPL Between reagents, use paper to dry glass rack with slides and reduce mixing

and diluting reagents.

1. For 5 um sections, incubate 8 minutes in Harris Hematoxylin.

2. Wash with running tap water 5 minutes.

3. In & out in hydrochloric alcohol. ** Hydrochloric acid 1% in ethanol 70% to
do the nuclear differentiation.

4. Wash with running tap water 5 minutes.

5. For 5 um sections, incubate 30 seconds in alcoholic eosin.

6. Place slides on a plastic bucket with 70% ethanol and proceed with

dehydration.

B — Staining: Tartrate Resistant Acid Phosphatase

Reagents:
Basic incubation solution. Per 1 L:

o 9.2 g sodium acetate, anhydrous
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o 11.4 g sodium tartrate, dibasic dehydrate
o 1000 ml distilled H20
o 2.8 ml glacial acetic acid
Adjust pH to 4.7 - 5.0.
The solution is stable for 6 months at RT’.
Naphtol AS-Bl phosphate substrate:
o 50 mg naphtol AS-Bl phosphate
o 2.5 ml 2-Ethoxyethanol
Store at 4 °C
Sodium nitrite: 1 g sodium nitrite in 25 ml distilled water. Store at 4C.
Pararosaniline dye: dissolve 0.5g pararosaniline dye in 10 ml 2M HCI. Mix

well and filter with a 0.20 um filter before use.

Stain:

1. Fill two buckets with 200 ml of basic incubation solution and place them
in the oven. Warm the solution to 37 C.

2. Take one bucket and add 2 ml of naphtol substrate.

3. Place slides into the bucket and incubate at 37C for 1 hour.

4. Few minutes before incubation time is up, mix 4 ml sodium nitrite
solution with 4 ml pararosaniline dye. Mix gently for 30 seconds and let
sit for 2 minutes at RT'.

5. Add this solution to the second bucket, mix well and transfer slides into
this bucket.

6. Incubate at 37 C for 2-3 minutes. “ This step is critical, more time will
increase unspecific staining and false positives, to prevent this, take out
slides after 2 minutes and quickly check for staining under the
microscope. If more time is needed reincubate for additional 30 seconds
and check again slides under the microscope.

7. Rinse 3 times with running distilled H,0.
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8. Counterstain with 0.02% fast green solution for 45 seconds.
9. Place slides on a plastic bucket with 70% ethanol and proceed with

dehydration.

CPL After performing staining recover stains as these can be reused. Accidental
staining of surfaces can be removed with bleach. Bleach is also used at the end for

cleaning the plastic material.
C — Post-staining steps
Dehydration

Dehydration is performed manually in the buckets with yellow labels at the

autostainer.

1. Be quick! Make 5 dips/ bucket: ethanol 70% > ethanol 90% > ethanol 96% >
absolute ethanol | > absolute ethanol II.

Take out the rack with slides and go to the chemical hood.

Dry slide by slide with paper and place slides into a new slide.

Incubate into xylol | for 5 minutes.

Incubate into xylol Il for 5 minutes.

o v s~ w N

Transfer into xylol-eucalyptol > 10 minutes, until mounting. ® When

mounting, if tissue presents rugosities, repeat steps 5 and 6.

Mounting

Mounting is performed in home-made DPX media.
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1. Add 2-3 drops of mounting media into a cover.

2. Placethe slide with the tissue facing the cover and expel air bubbles. " Expel
bubbles carefully, covers are thin and fragile. If air-bubbles stay trapped,
incubate with xylol to separate cover from slide and re-mount.

3. Leavesslides to dry at RT’, inside the chemical hood, until next day.

Day 6: Slides cleaning
Clean slides from excessive DPX with acetone and absolute ethanol.
Image analysis

Capture images using Axio Imager M2 microscope (Zeiss). ©* Perform tiles and
capture all the regions of interest on a single scan. At the trabecular region count the
number of osteoblast (from H&E) and osteoclasts (from TRAP) per mm and at the
cortical region count the number of osteocytes (from H&E) per mm?2. Samples of
good quality with marrow conserved, can be used to count the number and size of

marrow adipocytes.
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Key resources

Product Reference
Pararosaniline hydrochloride P3750, Sigma-Aldrich
2-Ethoxyethanol 128082, Sigma-Aldrich
Naphthol AS-BI phosphate N2125, Sigma-Aldrich

14 Statistics

The Shapiro-Wilk test was performed to analyse deviations from a normal
distribution of the measures. Statistical analyses were performed by applying a two-
tailed unpaired Student’s t-test or one-way ANOVA with a Tukey multiple
comparisons post hoc test (GraphPad Prism 8). Quantitative data are presented as
mean + SEM. Differences were considered significant at *p < 0.05, **p < 0.01 and

*¥%p < 0.001.

15 Data availability

RNA-Sequencing data is available at Gene Expression Omnibus — GSE205237
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