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Introduction

Osteoarthritis (OA) is a highly prevalent joint disorder characterized by
cartilage degradation and abnormal bone remodelling. More precisely,
micro- and macro-injuries initiate cell stress and extracellular matrix (ECM)
degradation as well as maladaptive repair responses involving pro-
inflammatory pathways. The symptoms of OA are joint pain, swelling and
stiffness that lead to activity limitations, participation restrictions, sleep
interruption, depressed mood, loss of independence and reduced quality of
life (1). The burden and global impact of OA constitute a major challenge for

health system in the coming years because OA is expected to increase (2).

All joints can be affected by OA but mainly those that support the weight of
the body and those that are often used. Among these, the knee, hip, and
small joints of the fingers are typical diarthrodial joints, which are organized
into distinct structural elements including subchondral bone, articular
cartilage, fibrous and synovial membranes, ligaments and tendons (3). These
structural elements contribute to a functional articular organ that is uniquely
adapted to permit constrained motion. The osteochondral unit is composed
of articular cartilage, calcified cartilage and subchondral bone is the
functional unit of the joint capable of absorbing shocks and transferring
loads. Any alteration in the structure or composition of those tissues results
in loss of function and disruption of joint integrity, such as encountered in

OA.
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1. The osteochondral unit

The osteochondral unit is composed of articular cartilage, calcified deep
layer, subchondral bone plate and subchondral trabecular bone (Figure 1.A).
This organization not only ensures structural and functional cohesion
between these tissues, but also constitutes a protective junction between
bone and cartilage. The crosstalk or dynamic relationship between cartilage
and bone is crucial to maintain overall joint health and integrity and is

disturbed in OA development (4).

1.1. Articular cartilage
Hyaline cartilage is the major cartilage type in human body and covers the
bone surfaces of diarthrodial joints. This articular cartilage provides a gliding
smooth surface with a low coefficient of friction and absorbs compressive
loads far heavier than body weight while distributing them to the
subchondral bone (5, 6). Mature articular cartilage is organized in four
superimposed distinct areas: the superficial, intermediate, radial and
calcified zones (Figure 1.B). The superficial zone is composed of collagen
fibrils and one or two layers of flattened chondrocytes, both oriented
tangentially to the surface. Just beneath, the intermediate zone is composed
of round chondrocytes dispersed in a non-oriented collagen network. In the
third, radial, zone, the chondrocytes are organized in longitudinal columns
and collagen fibrils are perpendicular to the surface. These three zones form
the non-calcified cartilage. Right under the radial zone, the calcified cartilage
makes the transition with subchondral bone. It is separated from the radial

zone by the tidemark delimitating the mineralization front. The calcified
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cartilage presents hypertrophic chondrocytes and a unique matrix
composition and mineralization (see 1.2). Moreover, this zone is innervated

and vascularized (7, 8).

Chondrocyte Collagen
A B Morphology Organization

Superficial zone

Articular cartilage
—> Tidemark

- Intermediate zone
Calcified cartilage

Subchondral
bone plate

Radial zone

Subchondral

—> Tidemark
bone

Calcified zone

I \f"\*

’ | subchondral bone plate

Figure 1 : Organization of the cartilage in a healthy joint

(A.) Histological representation of the osteochondral unit, composed of articular cartilage, calcified
deep layer, subchondral bone plate and subchondral trabecular bone (mouse knee). (B.) In a healthy
human joint, cartilage comprises four different areas: articular cartilage divided into three zones
(superficial, intermediate and radial) and calcified cartilage which each express their own
characteristics in terms of cells and collagen fibres orientation. This calcified cartilage interacts with
the non-mineralized cartilage, from which it is separated by the tidemark, and the subchondral bone.
Adapted from “3D bioprinting of cartilage for orthopedic surgeons: reading between the lines” by Di
Bella, C., et al. 2015, Front Surg., Aug 13;2:39. (9)

Cartilage is a solid dense connective tissue composed of extracellular matrix
(ECM) with up to 85% of water, produced by chondrocytes (10). This only
cell type in articular cartilage represents 1-2% of the total cartilage volume
(10, 11). Chondrocytes are considered quiescent cells. Their activity resides
essentially in synthesizing the ECM proteins and maintaining a very low

turnover rate (12). Deprived of blood and lymph vessels as well as nerves,
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cartilage has poor intrinsic repair capacity and chondrocytes live in a hypoxic
environment (5, 10). Under this normal hypoxic condition, chondrocytes
accumulate and synthesize more type Il collagen and aggrecan than in
normoxia (13). Chondrocytes energy resources, such as nutrients and
oxygen, are supplied by blood vessels in the subchondral bone, the synovium
and the joint capsule (14). Chondrocytes are considered mechano- and
chemosensory cells thanks to their primary cilium, a microtubule-based
signaling organelle (14). This structure, with its calcium channels and
integrins, allows interaction with ECM and acts in cartilage homeostasis by
regulating the ECM production (15, 16).

The ECM main components, water (60-85%), type |l collagen (15-22%), and
proteoglycan complex including hyaluronan (HA) (4-7%), are organized in a
specific porous and permeable matrix (3, 17-19) (Figure 2).

Collagen type Il fibrils are the major component of the ECM of articular
cartilage (Figure 2). They are coassembled with collagen Xl and covalently
crosslinked to collagen IX to form an organized network which can trap the
negatively charged proteoglycan aggregates (14, 20-22). The mechanical
properties of articular cartilage are determined by the fibrillar collagen
network whose stability and strength provide the tissue with integrity and
resiliency to stress whereas the entrapped proteoglycan aggregates ensure

compressive resilience (22-24).
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Figure 2: Organization of hyaline cartilage matrix.

The square box offers a schematic representation of the different components of the cartilage ECM.
Depicted are large proteoglycan complexes and collagen fibres (cross-banded and of different
diameters). Proteoglycan complexes bind to these fibres via their monomeric sidechains and link them
together. Large proteoglycan complex is constituted of proteoglycan units anchored to hyaluronan.
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Damage to the fibrillar meshwork, mediated by matrix-metalloproteinases
(MMPs), may be a critical event in the pathology of arthritis due to the low
collagen turnover within the cartilage (22). Among the other types of
collagen, type VI collagen is present in the chondrocyte pericellular matrix
(PCM). It allows chondrocyte integrity and attachment to the ECM by binding
to type Il collagen fibrils (25). Type IV collagen seems to be involved in
maintaining chondrocyte phenotype or viability (26). Type X collagen is
mainly present in calcified cartilage (27) (see section 1.2).

Proteoglycans (Figure 2) are a family of glycoconjugates with a central core
protein to which one or more glycosaminoglycan (GAG) side chains are
covalently linked post-translationally (28). Most of the proteoglycans exist
as aggregates formed by their non-covalent association with HA and link
protein (29). Aggrecan is the major proteoglycan in articular cartilage. By its
interaction with HA and link protein in order to form a stable ternary
complexinthe ECM, aggrecan provides a hydrated gel structure that endows
the cartilage with load-bearing properties and dissipation of mechanical load
(14, 19). During compression, the numerous water molecules associated
with the hydrophilic GAG chains are extruded. When compression stress is
released, the proteoglycans fixed charges allow to osmotically reabsorb the
water and thereby to restore the original cartilage dimensions. Joint motion
and mechanical loading induce movement of synovial fluid across the
cartilage, facilitating the diffusion of molecules and providing nutrition (3).
The superficial frictionless property of the cartilage ECM is facilitated by a
boundary layer of lubricants, lubricin and HA produced by synovial cells and

chondrocytes (30).
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HA  belongs to glycosaminoglycans (GAGs), a group of
heteropolysaccharides, which include heparan sulfate, heparin, chondroitin
sulfate, keratan sulfate and dermatan sulfate. It plays diverse roles, notably,
in embryonic development, joint cavity formation, longitudinal bone
growth, normal homeostasis and wound healing. It is distributed around
cells (the pericellular coat - PCC) and in ECM of connective tissues (31-34). A
70 kg human being has approximatively 15g of HA of which a third is

renewed every day.

1.1.1. Hyaluronan biology

HA is an unbranched and linear chain of repeating disaccharides units (N-
acetyl-D-glucosamine and D-glucuronic acid) linked by [-1,4-glycosidic
bonds; disaccharide components are linked by [1,3-glycosidic bond (Figure

3). HA can reach a very high molecular weight (>10°Da) (35-39).

D-glucuronic N-acetyl-D-

acid glucosamine B-1.4
o OH OH glycosidic bond
AL,
HO 0 i
OH T NH
B-1,3-glycosidic 0)\ n
bond

Figure 3: Structural formula of HA disaccharide unit (D-glucuronic acid and N-acetyl-D-
glucosamine).

HA is an unbranched and linear chain of repeating disaccharide units linked by [-1,4-glycosidic bonds
and disaccharides components are linked by p1,3-glycosidic bonds. Adapted from “Hyaluronan:
towards novel anti-cancer therapeutics” by Karbownik, M., 2013, Pharmacological Reports, 65, 1056-
1074. (40)
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1.1.1.1 HA synthesis by hyaluronan synthases
HA is synthesized at the inner side of the plasma membrane (Figure 4) by
three transmembrane glycosyltransferase isoenzymes named hyaluronan
synthases (HAS) (41-43). HAS gene sequences are located on different
chromosomes but share a high degree of homology (44, 45). HAS
biochemical and synthetic properties differ in the rate, length and stability
of the HA they produce (45). For instance, HAS3 is the most active enzyme
but produces HA with the lowest molecular weight (MW) (up to 10°Da);
HAS1 is the least active but produces HA with a MW at least twice that
synthesized by HAS3. As for HAS2, it produces the highest MW HA and is
finely regulated because it is the main hyaluronan synthase in normal adult

cells (45, 46).

Unlike other GAGs, HA does not require to be linked to a core protein to
initiate polymerisation (41). Once synthesized, HA can stay attached to the
HA synthases and/or bind to other HA receptors at the cell surface (CD44) to
form PCC or be released into the extracellular space via ABC transporters
(41-43, 47, 48). The PCC also contains hyaladherins, proteins that can
specifically bind to HA and modify the morphology and physicochemical

properties of HA assemblies (18, 48).
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Hyaluronan

Extracellular matrix

Cytoplasm

UDP@ UDP

Figure 4 : Schematic representation of HA synthesis by HAS at the inner membrane surface.

Uridine diphosphate (UDP)-linked sugar substrates, glucuronic acid (GIcUA, green) and N-
acetylglucosamine (GIcNAc, yellow), are sequentially added to the reducing end of the growing HA
chain at the cytoplasmic aspect of the cell membrane through the action of hyaluronan synthases
(HAS). The resulting sugar polymer is extruded into the ECM surrounding the cell. Adapted from
“Transcriptional and post-translational regulation of hyaluronan synthesis” by Tammi, R.H., 2011,
FEBS Journal, 278(9): 1419-28. (49)

1.1.1.2. HA degradation by hyaluronidases (HYALs)
Usually, HA is enzymatically cleaved by hyaluronidases, although it can also
be non-specifically degraded by the action of oxygen free radicals (50, 51).
The hyaluronidases degrade predominantly hyaluronan but also chondroitin
(Ch) and chondroitin sulfates (ChS) at a slower rate. These endo-3-N-acetyl-
hexosaminidases hydrolyse HA by cleaving the 31,4 glycosidic bond (52-54).
The human genome counts six hyaluronidase-like sequences clustered on
two chromosomal sites (32). Chromosome 3p21.3 regroups the sequences

for HYAL1, HYAL2 and HYAL3, whereas chromosome 7931.3 contains the
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sequences for HYAL4, PH20/SPAM1 (sperm adhesion moleculel) and

HYALP1, a pseudogene (Figure 5).

Somatic or Ubiquitous Hyaluronidases

[
]
=
£ Mouse 9F1
c ' ' '
8

Human 3p21
Reproductive Hyaluronidases
o
s —{ha e —{spami —{pas_ >
S 3.7Kb 23.5Kb 66.3 Kb Mouse 6A2
o
(5}

Human 7q31

Figure 5 : Hyaluronidase genes in human and mouse genomes.

Mammalian genomes contain two clusters of tightly linked hyaluronidase genes. Both human and
mouse have three genes (HYAL1/Hyall, HYAL2/Hyal2, and HYAL3/Hyal3) in the somatic or ubiquitous
cluster, on human 3p21/mouse 9F1. The reproductive cluster, located on human 7g31/mouse 6A2,
includes HYALP1/Hyalp1, HYAL4/Hyal4, SPAM1/Spam1 and Hyal5 (in mouse), which are abundantly
expressed in the testis. Among them, the protein SPAM1 is the most widely conserved mammalian
sperm membrane protein and the only functional hyaluronidase in the “reproductive cluster”. Taken
from “Epididymal SPAM1 and its impact on sperm function” by Martin-DeLeon, P.A., 2006, Mol Cell
Endocrinol., 250(1-2):114-21. (55)

The same genomic organization is present in mouse, with an additional
hyaluronidase on the second chromosome: hyall-3 are clustered on 9F1 - F2
and hyal4, Spam1, hyalp1 and hyal5 constitute the “reproductive cluster” on
6A2. The homology between similar sequences in mouse and human
genomes is far greater than that between individual members of the paralog

(52). The degree of homology between the pairs of orthologs of human and

20
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mouse HYAL1, HYAL2 and SPAM1 is much greater than between the six
human paralogs (32). Therefore, we will present human hyaluronidases as

representative of all vertebrate ones.

The expression of hyaluronidases appears tissue specific. HYAL1 and HYAL2
are ubiquitously expressed in somatic tissues (56) and are considered the
two major HA-degrading hyaluronidases (57, 58) with optimal activity at pH
lower than 4 (59). Since decades, HA degrading model proposed that HYAL2
starts HA degradation at the membrane level; the residues are then
endocytosed and totally degraded by HYAL1 within the lysosomes. More
recent studies have shown that HA turnover within the pericellular matrix
involves not only HYAL2 but also several other enzymes and receptors such
as HYAL1, HYAL3, SPAM1 (60-64), CD44 (65-68), TMEM2 (69), NHE1 (70) and
KIAA1199 (71). HYAL2 has also been localized in lysosome and endosome as
well as anchored at the plasma membrane by glycosyl phosphatidylinositol-

(GPI-) where it exerts an extracellular HA-degrading activity (61, 70, 72, 73).
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In their model, Chowdhury et al. suggest four pathways for HA-degradation
(Figure 6) (74).

@D HYAL2

' NHE1
Y CD44

@ HYAL1

@ HEX
> GLUC

_ ) HA

Figure 6 : Model of hyaluronan degradation by Chowdhury et al. (2015) (74).

HA degradation occurs through 4 pathways (1-4).

In pathway 1, cell surface HYALZ initiates HA hydrolysis in partnership with a receptor, possibly CD44.
NHE1 (Sodium-hydrogen antiporter 1) allows HYAL2 activity by local acidification. HA fragments are
endocytosed and transported to the lysosome (Lys) where they are degraded by endoglycosidase
HYAL1 and exoglycosidases, [f-hexosaminidase (HEX) and [(-glucuronidase (GLUC).

In pathway 2, secretory vesicles (SV) within specialized epithelial cells are surrounded by HYAL2. Upon
secretion, these vesicles degrade extracellular HA.

In pathway 3, cell surface HYAL2 is detached from the surface or released through by lipase or protease
to form a soluble form of HYAL2.This enzyme can enter the blood stream or diffuse from the surface
to degrade HA distal from the site of HYAL2 expression.

In pathway 4, HA is internalized by a non-HYAL2-dependent route and transported to the lysosome for
degradation.

In the first pathway, HYAL2 with its GPl-anchor interacts with CD44 and
NHE1 which acidifies the extracellular medium to allow HYAL2 activity (70).

HYAL2 is thought to cleave HMW HA into fragments of approximatively
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20kDa (+/- 50 disaccharides) (57) that are endocytosed to lysosomes. In
these organelles, HYAL2 continues HA lysis and HYAL1, with [-D-
glucuronidase and P-hexosaminidase, cleaves the rest of HA into its
constituent monosaccharides (56, 75, 76). The second and third pathways
suggest an extracellular role for HYAL2 either transported within secretory

vesicles or excreted directly in soluble form.

Chowdhurry et al. suggest, in the fourth pathway, that HA could be
endocytosed by a non-HYAL2-dependent way and transported to lysosomes
for HYAL1 and HYAL2 degradation. This implies the possible involvement of
another enzyme that could contribute to both local and circulating HA

degradation (74).

Apart from HYAL1 and HYAL2, little is known about the role of other
hyaluronidases in HA degradation. According to Atmuri et al., HYAL3 does
not play a major role in constitutive HA degradation (77). For the moment,
there is no evidence that HYAL4 can degrade HA and HYALP1, a pseudogene
with a premature stop codon, is not translated into mRNA (32). The last
hyaluronidase which can be helpful to degrade HA is SPAM1 and it can play

a role in the fourth pathway described above.

SPAM1 was initially considered to be only a sperm surface protein, detected
within testis and epididymis (78-80). Its hyaluronidase activity plays two
functional roles in mammalian fertilization: it permits the sperm to traverse
the cumulus oophorous (81-83) and is involved in the secondary binding of
sperm to the egg (84-86). It seemed to be GPl-anchored to the plasma

membrane of the sperm head (81, 87, 88). Currently, SPAM1 is recognized
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as a multifunctional enzyme with a more diffuse expression than in the only
male reproductive tract. Indeed, its expression has been highlighted in
normal breast tissue (89), female reproductive tract (90), chondrocytes,
synoviocytes, and dermal fibroblasts (31, 64). It has been associated with
tumoral dissemination because its HA degrading activity results in the
disruption of basement membrane integrity (64, 89, 91). Unlike HYAL1 and
HYAL2, SPAM1 shows a bimodal activity, at neutral and acidic pH, attributed
to its two isoforms (52, 64, 81). Moreover, like HYAL2, SPAM1 is a GPI-
anchored protein (52) capable of degrading HA and ChS (92, 93), it could be

released as free SPAM1 and its expression is upregulated by IL-1 (64).

All these characteristics make SPAM1 a potential actor in the degradation of
HA. Its activity at neutral pH could allow it to initiate HA degradation in the
extracellular matrix or could also form a complex with CD44/HYAL2 at the

cell membrane level.

1.1.2. HA functions in cartilage

In adult cartilage, association of HA with aggrecans permits to retain
aggrecans at the high concentration needed to confer the cartilage its
compressive resilience (31). As reviewed by Passi and Vigetti, HA are highly
hydrophilic and can bind to a large amount of water molecules to form a
hydrogel with good lubricant properties (94). The more concentrated HA
solution is, the more its viscosity increases; its elasticity is directly

proportional to the polymer size.
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HA also interacts with cells through different receptors, among which CD44
is the most widespread. CD44 isoforms (95, 96) are expressed by different
cells, including chondrocytes and bone cells (73, 97-100). The link between
chondrocyte CD44 and HA can generate anabolic effects including cell
adhesiveness, migration and wound healing, and thereby contributes to
maintain normal cartilage homeostasis (68, 94, 101, 102). As described
above, chondrocytes have the capacity to bind and internalize HA via a CD44
dependent mechanism (65, 67, 68, 103). CD44 expressed on chondrocyte
membrane is upregulated by pro-inflammatory cytokines that promote
matrix remodelling, intracellular HA accumulation and chondrocyte survival
modifications or apoptosis (68, 101, 102, 104). Other HA receptors, such as
HARE, LYVE-1, SPAM1, HYAL2, and layilin, are able to endocytose HA (64, 72,
105-112). Once internalised, HA is degraded by hyaluronidases in lysosomes

(56, 74).

The molecular weight (MW) of HA, resulting from the balance between HAS
and HYALs activities, plays a key role in HA physiology. Depending on its high
(HMW) or low (LMW) molecular weight and the tissues in which it is found,
HA has opposite actions (44, 113-121). HMW HA protects the articular
cartilage by its lubricating properties (122) and could be anti-angiogenic (37,
123), anti-inflammatory, immune-suppressive and healing initiator (37,
123). HMW HA is considered the physiological protector of cells. On the
contrary, HA degradation by enzymatic or nonenzymatic mechanisms results

in the presence of LMW HA fragments which stimulate defensive cellular
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responses (124), such as production of growth factors, chemokines and

proinflammatory cytokines, as well as ECM remodelling (123, 125-127).

1.2. Calcified cartilage

Calcified cartilage is the deepest layer of articular cartilage and ensures the
transition between its uncalcified layers and the underlying subchondral
bone. It results from endochondral ossification and persists after growth
plate closure (3, 128). The tidemark, which separates uncalcified and
calcified cartilage, is considered the scar of the subchondral growth plate
(129). This calcified cartilage presents hypertrophic chondrocytes and
collagen type X. This collagen is involved in the matrix mineralization and its
biological function seems to maintain tissue stiffness and interact with
hypertrophic chondrocytes (7, 130, 131). Calcified cartilage and subchondral
bone form a biocomposite that is adapted to distribute and transfer
mechanical forces. Under physiological loading conditions, only a small
fraction of the load forces is absorbed by calcified cartilage. With aging,
proliferation of nerves and blood vessels, arising from the subchondral bone,

can be observed within the calcified cartilage (14).

26



1.3. Subchondral bone

The subchondral bone is composed of superimposed subchondral plate and
trabecular bone. Right beneath the calcified cartilage, the subchondral plate
consists in compact bone, weakly porous and poorly vascularized. Its density
and thickness are adapted by remodelling according to modification in

mechanical forces (132, 133).

The subchondral trabecular bone, also referred to as cancellous bone, is
located under the subchondral plate. Its porosity and anisotropy provide a
structural network which is adapted to the local forces. The boundary
between the subchondral plate and the subchondral trabecular bone is not

always clearly defined, which explains why it is not often mentioned.

Under normal conditions, the two parts of the subchondral bone adapt their
structural properties through regulated processes called modelling and
remodelling. Modelling, mostly active in skeletal growth and development,
contributes to bone shape (134). It involves directly and independently
osteoblast or osteoclast activity in order to, respectively, add or remove
bone from existing surfaces, without coupling bone resorption and
formation (135). Bone remodelling is the lifelong process which involves the
functional coupling of osteoblasts and osteoclasts in a bone multicellular
unit (BMU). BMU remodels bone by five coordinated phases: quiescence,
activation initiated by osteoblastic lineage and leading to osteoclast
recruitment, resorption by osteoclasts, reversal phase, with apoptosis of
osteoclasts and recruitment of osteoblasts, and formation of new bone

matrix by osteoblasts (134). These processes allow bone adaptation to
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modification in local soluble mediators, in biochemical factors, in loading
forces or in case of mechanical injuries. Both modelling and remodelling are
activated during the evolution of OA and play key roles in the alterations of

skeletal architecture and function (3, 136, 137).

Osteocytes, in particular, play a multifunctional role in orchestrating bone
remodelling by regulating both osteoclast and osteoblast function (138-
142). Derived from osteoblasts, they are the most numerous bone cells and
reside in lacunae within the mineralized bone matrix. Their numerous
processes into canaliculi form a lacunocanalicular network by which they
connect to each other as well as to lining cells and vessels (139). Since
osteocyte and its processes are constantly exposed to fluid flow shear
stresses into the lacunocanalicular system, they are considered
mechanosensory to several possible stimuli (143-147). It has also been
shown that the osteocyte lacuna acts as a strain concentrator which

amplifies macroscopic strain applied over the whole bone (143, 148).
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2. Osteoarthritis and the osteochondral unit

According to the Osteoarthritis Research Society International (OARSI),
osteoarthritis is “a disorder involving movable joints characterized by cell
stress and extracellular matrix degradation initiated by micro- and macro-
injury that activates maladaptive repair responses including pro-
inflammatory pathways of innate immunity. The disease manifests first as a
molecular derangement (abnormal joint tissue metabolism) followed by
anatomic, and/or physiologic derangements (characterized by cartilage
degradation, bone remodelling, osteophyte formation, joint inflammation
and loss of normal joint function), that can culminate in illness” (149).
Osteoarthritis (OA) can affect all the joints in the body but preferentially
resides in the weight-bearing spine, hip, knee, ankle and foot joints, and in
those that are often used such as small hand joints. Its main feature is the
degradation of the articular cartilage, but this only corresponds to the tip of
the iceberg. Indeed, weakness of the periarticular muscles, ligament
hyperlaxity, traumatic or not, synovial inflammation, as well as remodeling
of the subchondral plate and trabecular bone which can lead to the
formation of osteophytes and calcified nodules, are also associated with OA.
All of them result from an imbalance between the mechanisms of

degeneration and repair of joint tissues.

It is difficult to estimate the prevalence and incidence of OA, which depend
on the OA consequences analyzed, the populations and joints studied, the
presence of a traumatic event, physical activity or repeated occupation, etc.

The incidence is recognized to increase with age, especially after the age of
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50, with higher rates in women than in men. James et al (2018) estimate that
about 300 million people are affected by the disease worldwide (150).
Among musculoskeletal disorders, OA is the second most prevalent one right
after “low back pain without leg pain” and before “neck pain” (150). The
prevalence of OA depends on different factors such as age, gender, ethnicity,
genetics, sociodemographic factors, obesity, level and type of physical
activities, occupation, joint malalignment or trauma, etc., some of which will
be detailed in the following section (OA etiology).

The first symptoms of OA are joint pain leading to movement limitation and
subsequently joint stiffness. These symptoms lead to disability for patients
who lose their independence, may become sedentary and gain weight,
which increases the risk of cardiovascular disease. OA may also have a
negative impact on mental health. Studies demonstrated that people with
lower limb OA had greater odds of developing depressive symptoms due to
the lack of movement and independence; OA could be associated with a
greater odd of suicidal ideation, with a perceived memory loss partially due
to sleep and mood impairments (151, 152). Inevitably, OA burdens the
patient and the community and has been shown to be correlated with higher

hospitalization and emergency rooms occupancy rates (153, 154).

2.1. OA etiology

As mentioned above, OA is a multifactorial disease which can have various
origins. The natural OA development is correlated with age because of
numerous individual factors such as oxidative damage, thinning of cartilage,

muscle weakening and a reduction in proprioception. Moreover, basic
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cellular mechanisms that maintain tissue homeostasis decline with aging,
leading to an inadequate response to stress or joint injury and consecutive
joint tissue destruction and loss (155).

Early OA development can be observed in people who engage in regular and
intense physical activity such as running, gymnastics, ballet or breakdance,
among others. Other physical activities such as sports involving many
impacts or twisting movement (boxing, football, basketball, skiing, baseball,
etc.) can also lead to early OA because they are often associated with joint
injuries, like sprains, torn ligaments, impaction or intra-articular bone
fractures (155).

Consistent with this, higher muscle strength and OA may also be associated.
For instance, higher knee extensor strength can generate knee OA and
increase in patellofemoral cartilage loss (156, 157). Repetitive activities
inherent in certain occupations such as construction and domestic work,
load bearing, firefighting, or praying, are associated with greater risk of OA
(158-160). For instance, prolonged squatting or kneeling is correlated with
increased risk of posterior knee OA (155). Early OA can also result from
traumatic or physiological joint malalignment (161). Malalignment following
meniscus tear or rupture of cruciate or collateral ligaments of the knee
causes joint instability and leads to rapid and excessive deterioration of
certain parts of the joint. In the absence of a prior injury, incorrect bone or
joint shape, such as hip dysplasia or genu varum, may contribute to the risk
of OA (159, 162-164). These joint misalignments modify the distribution of
mechanical loads on the cartilage and, subsequently, lead to bone marrow

lesions and cartilage degradation and loss, as observed in MRI (163, 165).
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Another non-traumatic parameter possibly correlated with increased
prevalence and incidence of OA is the bone mineral density (BMD) (159,
162). High systemic BMD was recently shown to predicate structural OA
features in knee (166), like increased iliac crest stiffness and BV/TV had been
associated with OA grades II-1V in hand joints (167). It is also known that the
early phase of OA is characterized by increased bone resorption (168, 169)
followed, later in OA development, by bone regeneration, subchondral bone

sclerosis and osteophytes formation (133, 170).

Beside musculoskeletal contributing factors, approximately 30-65% of the
risk of OA is genetically determined (2, 159, 160, 171). Women appear to
have a higher risk to develop hand, hip and knee OA than men. African-
American ethnicity was shown to experience severe knee OA development
and progression (160, 172-174). As reviewed recently by Reynard & Barter
(2020), hypothesis-free genome wide association studies (GWAS) identified
56 new loci giving novel insights into OA disease, with potential drug targets,
and allowing the use of polygenic risk scores in selecting individuals for
clinical trials (175). Briefly, once a DNA region harboring OA genetic risk has
been identified by GWAS, functional studies permit to highlight prioritized
OA candidate genes, potential mechanisms of action and the role of target
genes in cartilage homeostasis and disease. OA genetic risk loci might play a
role during skeletal development by slightly changing the joint shape; the
subsequent alterations in joint biomechanics could result in individual
predisposition to OA (175, 176). For example, some DNA variants were

shown to be associated with weight, high body mass index, shape and
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developmental dysplasia of the hip, as well as knee and/or hand OA (177-
181).

Obesity, defined by body mass index > 30kg/m?, is a common metabolic
syndrome, whose prevalence has doubled from 1980 to 2016 (182). This
multifactor condition is characterized by excessive fat accumulation in the
body due to disorders of fat metabolism and changes in habits of life,
including sedentarism and consumption of processed and caloric food (183,
184). Because of its systemic effects owing to metabolic and inflammatory
alterations, obesity is associated with OA (184) and considered a possible
onset of OA and pain intensifier or complicator (185). Several studies
demonstrated an association between obesity and knee, spine or hip OA
(186-188). Excessive accumulation of fat tissue increases weight bearing by
the intervertebral discs and the lower limb joints and enhances the
production of adipokines, including adiponectin, leptin, resistin and
chemerin, and pro-inflammatory cytokines, such as IL-6 and TNF-a, which
contribute to inflammatory and autoimmune diseases (189, 190).
Adipokines, synthetized by adipocytes, as well as chondrocytes, bone and
immune cells, seem to contribute to cell differentiation, growth, apoptosis
and regulation of inflammatory cytokines, matrix-metalloproteinases
(MMPs) and A Disintegrin and Metalloproteinases with Thrombospondin
motifs (ADAMTS) (191-195). Obesity appears to play a role in knee OA by
enlarging the infrapatellar fat pad (IFP); that IFP volume is correlated with
age in osteoarthritic patients (196). This articular fat pad, located between

the joint capsule and the synovium, could act as paracrine tissue via its local
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production of IL-6 which is 2-fold increased compared to normal expression

in subcutaneous adipose tissue (197).

2.2 Cartilage changes in osteoarthritis

Macroscopic changes in the cartilage consist in progressive occurrence of
superficial cracks. As OA worsens, cartilage degradation spreads by
extending cracks to the deeper layers, which can lead successively to
exfoliation of cartilage fragments, destruction of the articular cartilage and

exposure of calcified cartilage or subchondral bone.

One of the first microscopic osteoarthritic changes is the swelling of the
cartilage (198). This is due to the increase in water content following
proteoglycan degradation by aggrecanase ADAMTS-5. Cleavage of the
aggrecan core protein frees the GAG side chains which attract ions and water
and create a high osmotic swelling pressure (199). Moreover, the ECM is
prone to collapse as a result of increased mechanical stress and production
of MMP-13 which impairs the collagen network (200). The content in HA is
also diminished by the increase in hyaluronidase expression, especially
HYAL2 (201). During OA development, the three major components of the
cartilage ECM are then gradually degraded by MMPs, ADAMTS and Hyals.
These enzymes are produced by chondrocytes but also by subchondral bone
cells and synovial cells in response to local biomechanical and biochemical

perturbations (202).

During OA progression, chondrocytes also show changes in their phenotype

as a result of excessive mechanical loading, expression of degradative and/or

34



proinflammatory cytokines and cell-surface mechanosensors allowing them
to interact with each other. First, during the early stages of OA, chondrocytes
increase their synthetic activity in an attempt to repair the ECM degradation,
as attested by enhanced proteoglycan staining around cells (203). With OA
progression, clonal clusters of chondrocytes suggest proliferative events
(16). At late stage of OA, chondrocytes show signs of apoptosis, including
nucleus fragmentation, cell-membrane “ghosts” and hypertrophy (204). In
association with cell death, chondrocytes and various cell types increase
their production of proinflammatory cytokines, chemokines and MMPs,
which leads to ECM disruption but also to the secretion of Damage
Associated Molecular Patterns (DAMPs) and alarmins triggering further
deregulation of chondrocyte function through Toll-like receptors (205). In
consequence, synovial tissue induces inflammation and expresses reactive
oxygen species (ROS) that feed back to the chondrocytes to worsen the
catabolic state. Chondrocytes adapt to the development of OA by changing
to a hypertrophic phenotype and modifying their synthetic activity (206-
208). Hypertrophic chondrocytes are believed to promote bone formation
thanks to four characteristics: the mineralization of their ECM through
expression of collagen X instead of collagen I, their VEGF production which
attracts blood vessels, their size and their apoptosis allowing infiltration of
osteoblasts and bone formation. The new vascular channels at the depth of
calcified cartilage are accompanied by nerves that could take part in the

pathogenesis of OA joint pain (11, 209, 210).
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2.3. Subchondral bone changes in osteoarthritis

In OA, disruption of the whole biochemical and biomechanical balance of the
joint involves not only cartilage but also subchondral bone and synovium
(211). OA bone impairment is generally considered to be due to persistent
abnormal mechanical stresses that generate microfractures of the
osteochondral junction allowing pathological interactions between
synovium and subchondral bone. It has been shown that a change in the
inflammatory pattern of the subchondral bone through reciprocal
interactions with altered cartilage can lead to OA progression (212). The
tidemark is normally a barrier to this type of crosstalk; loss of its integrity is

therefore critical in the progression of OA (4).

As reviewed by Higle and Geurts, new imaging technologies show that
subchondral bone remodeling and synovial inflammation are actively
involved in OA development and are often visible prior to cartilage
degradation (213). Bone marrow lesions (BMLs), highlighted by magnetic
resonance imaging (MRI), are one of the first signs of OA and can precede
cartilage damage (188). BMLs appear to result from remodeling of
subchondral bone associated with malalignment and mechanical overload
(214, 215). Absence or regression of BMLs could be associated with a

decreased risk of cartilage loss (216).

Subchondral plate and subchondral trabecular bone react to the
development of OA by distinct changes in their structure and biochemical
activities (132). The first adaptation is the thickening of subchondral plate

and is followed by increase in trabecular number, thickness and volume
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resulting in an increase in the amount of trabecular bone and a decrease in
its bone mineral density. These modifications are driven by cellular and
biomolecular responses of osteochondral tissues (4). During OA, both
osteoclast and osteoblast activities are increased (212). However,
osteoblasts derived from bone marrow mesenchymal stem cells (MSCs) are
different from mature lining osteoblasts in subchondral bone by their slower
proliferation and their hypomineralization phenotype (217, 218). Several
experimental studies also showed that the interaction between osteoblasts
and osteoclasts leads to a first temporary decrease in trabecular bone
volume before an increase of these parameters (168, 219, 220). Trabecular
bone adjusts to increased weight-bearing or mechanical stress by increasing
the number and thickness of trabeculae (221-223). The site of bone changes
corresponds to that of cartilage lesions, which indicates that both tissues
adapt to loading and stress (136, 137). In vitro and ex vivo studies analysed
the behaviour of osteoblasts in order to understand their interactions during
OA development and showed that osteoblasts from OA patients expressed
less ACAN, which encodes for aggrecan, SOX9 which is required for cartilage
formation, and COL2A1, but more MMP3 and MMP13 than non-OA
osteoblasts (224-227).

At later stages of OA, osteophytes appear at the joint margins and are easily
detected with X-rays. They result from cartilage outgrowths which undergo
endochondral ossification (188, 228, 229). More precisely, chondrophytes,
or abnormal cartilage masses, are produced by the periosteal cells located

at the joint periphery in answer to abnormal mechanical stress. Their
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chondrocytes hypertrophy, leading to endochondral ossification and
transformation of chondrophyte into osteophyte, which is connected to the
subchondral bone and recovered with cartilage. Even though osteophyte
formation is associated with OA worsening, their role is not known.
Osteophyte formation was recently shown to be strongly correlated with
changes in joint laxity and range of motion (ROM) after knee injury in mice
(230). Based on earlier studies, initial joint instability following knee injury
was hypothesized to lead to osteophyte formation, which in return

restabilizes the joint and reduces joint ROM.

2.4. Synovium and osteoarthritis

Changes in chondrocyte phenotype and osteoblast pattern expression are
not the only causes of the disturbed crosstalk between cartilage and
subchondral bone. Indeed, another major characteristic of OA is a low-grade
inflammation affecting the entire joint (231, 232). The synovial fluid of
osteoarthritic joint is enriched with inflammatory mediators such as
cytokines IL-6, IL-1B and TNF-a (233), adipokines (234, 235), etc. These
inflammatory mediators can be released by chondrocytes (236), osteoblasts
(237), intra-articular adipocytes (234, 235), synovial cells and other cells like

immune cells and infiltrated macrophages (228).

The synovial membrane is the third major component of joint that plays a
role in maintaining its delicate balance. This specialized membrane lines the
inner surface of the diarthrodial joint membrane, as well as tendon sheaths

and bursae. It is composed of two layers of synoviocytes and is highly
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vascularized and innervated. Fibroblast-like synoviocytes elaborate the
synovial fluid containing lubricin and HA, which lubricates and nourishes
cartilage; macrophage-like synoviocytes contribute to intra-articular
immune defence and ensure painless movement (238, 239). Joint overuse
or local irritation can lead to synovial membrane inflammation, or synovitis.
Synovitis could then cause the formation of BMLs and lead to cartilage
degradation (240). As reviewed by Goldring and Otero, inflammatory
synovial membrane produces IL-1B, IL-6 and TNF-a which diffuse into
cartilage and subchondral bone through the synovial fluid; synovial
macrophages and monocytes produce cytokines, including BMP-2, BMP-4
and TGF-B1, that stimulate osteoblast proliferation and differentiation
(241). It has been shown that IL-13 and TNF-a induce chondrocyte synthesis
of enzymes that degrade their matrix; expression of IL-1f3 also inhibits the
formation of ECM aggrecan and type Il collagen (242). Moreover, pannus, a
highly vascularized infiltrating connective tissue within inflammatory
synovium, increases the fibroblast expression of MMPs and IL-1, which can
penetrate cartilage and subchondral bone (243, 244). Adamopoulos et al.
hypothesized that synovial macrophages can differentiate into functional

osteoclasts that can take part in subchondral bone remodelling (245).
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Research objectives

Since OA is characterized by decreased content and MW of HA, the
hyaluronidase SPAM1, which is a potential actor in HA degradation, could
play a key role in the progression or persistence of this joint disease. Its
activity at neutral pH could allow it to initiate HA degradation in the
extracellular matrix or to form a complex with CD44/HYAL2 at the cell
membrane level. Therefore, we used Spam1-/- mice in order to study knee
osteochondral unit before and after OA induction. We hypothesized that
Spaml knockout would decrease OA onset and development and,
conversely, that Spam1 plays a significant role in OA. Our research tried to

answer three questions:

- does Spaml knockout mitigate the natural course of knee
osteoarthritis development in mouse? (Chapter 1)

- does the absence of Spaml also reduce the knee cartilage
degradation after experimental post-traumatic osteoarthritis in
mouse? (Chapter 2)

- does the absence of Spam1l in mouse chondrocyte reduce in vitro
expression of matrix degrading enzymes, in both physiological and

inflammatory conditions? (Chapter 3)
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CHAPTER ONE: Knockout of hyaluronidase Spam1 reduces

age-related bone and cartilage changes in mouse knee

Knockout of hyaluronidase Spam1 reduces age-related bone and cartilage

changes in mouse knee

S. Lafont?, Y. Achouri, M. Cardinal, T. Roels!, C. de Ville de Goyet?, C.

Behets!, D. Manicourt?

'Pole of Morphology and 2Pole of Systemic and Inflammatory Rheumatic
Diseases — Institut de recherche expérimentale et Clinique - Université

Catholique de Louvain, Brussels, Belgium

Lafont S, Achouri Y, Cardinal M, et al. Knockout of hyaluronidase Spam1 reduces
age-related bone and cartilage changes in mouse knee [published online ahead of
print, 2020 Mar 26]. Morphologie. 2020; $1286-0115(20)30024-2.
doi:10.1016/j.morpho.2020.03.001
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Abstract

Objective: to investigate the role of Spaml hyaluronidase in age-related

cartilage loss in the mouse knee.

Design: Spam17-and WT mice were euthanized at different ages from 10 to
52 weeks. The right hindlimbs were dissected, scanned with peripheral
Quantitative Computed Tomography (pQCT) and then decalcified for
histological analysis (modified Mankin score). In other mice, cartilages of
both tibiae were sampled at 10, 30 and 52 weeks of age for RNA extraction
and qPCR analysis. We assessed the expression of hyaluronidases Hyall and
Hyal2, hyaluronan synthase HAS2, extracellular matrix proteases Mmp13

and Adamts-5, and type 2 collagen.

Results: Spam1” mice did not exhibit specific morphological characters up
to 52 weeks of age. From 20 weeks, the proximal tibia of Spam1”- mice had
a significantly lower bone mineral density than WT mice. At 52 weeks, the
modified Mankin score was significantly lower in Spam17- than WT mice.
Spam17/- chondrocytes expressed significantly less Hyal2 than WT ones at all
ages and less Mmp13 at 52 weeks. Through all the experiment, the Hyall
expression of Spam1”/" chondrocytes remained similar as that of WT

chondrocytes.

Conclusion: Spam1 knockout reduced significantly cartilage degradation in
mouse knee whereas the chondrocyte expression of Hyal 1, Hyal 2 and
Mmp13 was modified, suggesting a role of this hyaluronidase in cartilage

metabolism.
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Introduction

Hyaluronan (HA) is a multifunctional high molecular weight
glycosaminoglycan (GAG) and is a major constituent of vertebrate
extracellular matrices (ECM) of connectives tissues, such as cartilage (36,
37).In mammals, HA is produced at the plasma membrane by three different
HA synthases (HAS1, HAS2 and HAS3) and is degraded by multiple
hyaluronidases (Hyall, Hyal2, Hyal3, Hyal4, PH-20/Spam1, Hyalp1). These
latter enzymes are clustered on two different chromosomes (36, 45, 46, 75,
119, 246). Hyall, Hyal2 and Hyal3, located on chromosome 3p21.3, have
already been studied extensively. Indeed, decreases in HA content and
molecular weight in the articular cartilage are features of cartilage ageing
and osteoarthritis (OA). Briefly, Hyall’- mice have been shown to
accumulate HA in articular cartilage and exhibit early osteoarthritis (62). In
Hyal2”- mice, cartilage degradation was aggravated with ageing (60, 247).
Hyal3”- mice did not display any evidence of HA accumulation in tissues
analyzed and did not exhibit gross phenotypic changes. Hyal3 do not seem
to play a major role in constitutive HA degradation (77). Furthermore, a
dialogue likely occurs between these enzymes. When one of them is

knocked-out/down, the expression of another one is increased (60, 62).

PH-20/Spam1 is localized on chromosome 7g31.3 and usually known as the
major testicular hyaluronidase (55). Contrary to Hyall to 3 which are active
at acid pH, this hyaluronidase is active at near neutral pH (64). It seems to
be expressed in low quantity in synoviocytes, fibroblasts and chondrocytes

but its role in cartilage physiology is not further known.
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This study investigated the role of Spam1l hyaluronidase in age-related
articular changes by analyzing subchondral bone and articular cartilage of

proximal tibia in PH-20/Spam1”- mice from 10 to 52 weeks of age.

Methods

Animals

Spam17- CD1 mice were received from RIKEN research institution (Tokyo,
Japan). Wild type CD1 mice (WT) were provided by Janvier Labs (Le Genest-
Saint-Isle, France). Mice were raised in our lab and genotyped following a
classical protocol. The local ethics committee for animal care of the
Université Catholique de Louvain (authorization number
2014/UCL/MD/021) approved all experiments. Animals were housed
according to the guidelines of the Belgian federal law (SPF Santé publique,
Sécurité de la chaine alimentaire et Environnement).

WT and Spam1” mice were weighed every week and measured from 10 to
52 weeks of age. They were euthanized with Isofluran® at 10, 12, 14, 18, 20,

30 and 52 weeks of age.

Bone mineral density analysis

After euthanasia, the right hindlimb was sampled (n=10/age/group) and
stored in 4% neutral Formaldehyde solution (Sigma-Aldrich®) for 14 days.
Each hindlimb was then scanned with peripheral Quantitative Computed
Tomography (pQCT, XCT Research SA+, Norland Stratec, Germany) to obtain

10 frontal slices, separated by 25um, with an in-plane voxel size of 70um.
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The subchondral bone of the proximal plateau of the tibia was selected as

ROl in order to assess the BMD using the XCT 5.4 software.

Histological and immunohistochemistry analysis

After pQCT processing, the right hindlimbs were decalcified (quick decalcifier
- Osteoral, RALA320715-2500, VWR) for 72 hours, embedded in paraffin and
sectioned (5um) in the frontal plane. The slices from the middle and the
posterior compartments of the knees were stained using Safranin O and
mounted on glass plates for Modified Mankin score analysis.

All sections were analysed using Leica SCN400 (Meyer Instruments Inc.,
Houston, Texas, USA). The modified Mankin score was assessed
independently by two blinded observers. Inter-rater reliability was analyzed
using Cohen’s kappa coefficient and Pearson’s correlation. Inter-rater
reliability was moderate to perfect [K 0.6 — 1.0] and Pearson’s correlation
from 0.913 to 1. We used the mean of both these measures as individual

data, so the mean obtained in each group corresponded to the mean of the

individual means.

Tibial Cartilage RNA extraction and qPCR

In other WT and Spam17- mice euthanized at 10, 30 and 52 weeks of age
(n=10/age/group), cartilage of both tibiae was separated from subchondral
bone and stored in liquid nitrogen. For each mouse, both cartilages were
wrapped in aluminum foil and crushed in liquid nitrogen with a pestle.
Cartilage powder was stored in TriPure Isolation Reagent (Sigma-Aldrich®)
before classical RNA extraction. The RNA obtained was suspended in RNAse

free water and stored at -20°C. RNA quality and quantity were measured
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using a NanoDrop 1000 Spectrophotometer (Thermo Scientific™). The
samples were submitted to a classical reverse transcription (RT) protocol.
Changes in gene expression were analysed by quantitative PCR using gene
specific primers: ACTIN MOUSE — forward GCTTCTAGGCGGAGTGTTACTGA —
reverse  GCCATGCCAATGTTGTCTCTTAT; TYPE 2 COLLAGEN - forward

CAGGTGAACCTGGACGAGAG - reverse ACCACGATCTCCCTTGACTC; HYAL2 -
forward CTACCATCGGTGAGAGTGCC - reverse
CAGGTCTCCATACTTGAAGCGT; ADAMTS5 - forward
CGAGTACTCAGGCCCAAATG — reverse GGCATCATTCATGTGACACC; HAS2 —
forward TGCTGGTTCAGCCATCTCAG — reverse GACGACAGGCACCTTACCAA;
MMP13 - forward AGAAGTGTGACCCAGCCCTA - reverse
GAGGCGCCAGAAGAATCTGT; HYAL1 — forward TGAATGGCCGGTTGGATACC
—reverse CTTCAGTCCTGAGGTTTCCCC.

Each reaction was runned in triplicate under the following conditions: 1 cycle
at 95°C for 3min and 40 cycles (95°C for 15sec and 57°C for 30sec). The
reaction was carried out at least three times for each sample depending on

the quantity of RNA extraction.

Statistical analysis

Data are expressed as mean + SD unless stated otherwise and were analysed
using GraphPad Prism 8 (GraphPad Software Inc.). Means at the different
experimental times were compared using ANOVA with post-test Tukey. F
test was used to compare variances. Cohen’s kappa coefficient and
Pearson’s correlation were calculated using SPSS. A p value < 0.05 was set

for statistical significance.
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Results

Spam1 playing a role in reproduction, the litters were significantly less
numerous in Spam1”- than WT mice (3.9 + 2.76 pups versus 13.4 + 3.2,
respectively; p < 0.0001). No difference was noted between the percentage
of males and females inside the litters. We did not observe specific external
morphological characters in Spam17- mice. The body weight and length of
Spam17- and WT mice followed similar curves from 10 to 52 weeks of age
(data not shown). At necropsy, organs, tissue morphology and joints

appeared similar in both groups from 10 and up to 52 weeks.

Tibial subchondral bone mineral density (BMD)

BMD of proximal tibial plateau, assessed with pQCT, was 965 to 1009 mg
HAP/cm? in WT mice from 10 to 52 weeks of age (Fig. 1). In Spam1”-, BMD
was 935 to 893 mg HAP/cm?3 but these values tended to decrease with age.
At 18 weeks, the difference was at the limit of significance (-6.15% for
Spam1”/" mice, p = 0.0909) before accentuating significantly at 20 weeks (-
7.8%), 30 weeks (-9.5%) and even more at 52 weeks (-11.5%). It has to be
noted that BMD tended to increase from week 10 to week 52 in WT mice
and to decrease in Spam1”- mice, but these differences were not significant

within both phenotypes.
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Figure 1: BMD of proximal tibia subchondral bone assessed with pQCT in WT (black squares)
and Spam1* (white sguares) mice from age 10 to 52 weeks (n = 10/group/age). Data are

expressed as Mean + SEM for WT and Mean — SEM for Spam1”" mice. *: p < 0.05; **: p < 0.0;
**%. 5 < 0.001.
Cartilage histology
Histological analysis of Safranin-O stained frontal sections through tibial
proximal epiphysis allowed to distinct articular cartilage and subchondral
bone. No difference was observed between WT and Spam1”/- mice at 10
weeks of age, as confirmed by the low modified Mankin score (Fig. 2A). At
30 weeks, although the architecture of the subchondral bone remained
similar in both groups, we sometimes noticed a slight reduction in matrix
staining and some surface irregularities in cartilage of both groups. The
modified Mankin score increased but the increase was significant only in the
WT group. At 52 weeks, the modified Mankin score was considerably

increased in both groups but was significantly lower in Spam1”- than WT
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mice (3.1 £ 0.9 vs. 5.6 £ 1.2; p < 0.001). At this age, cartilage of WT mice
showed severe reduction in matrix staining, diffuse hypercellularity or some
cells clusters, and surface irregularities, as compared with moderately
reduced matrix staining, some surface irregularities and some diffuse
hypercellularity in cartilage of Spam17/- mice (Fig. 3). Only in WT mice, the
subchondral bone appeared somewhat more abundant at 52 weeks. No
ectopic calcification or osteophyte formation was visible in the frontal

sections of both groups (Fig. 2B).
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Figure 2: Histological analysis of the right knee of WT and Spam1-/- mice aged 10, 30 and 52 weeks. (A)
Modified Mankin Score. (8) Safranin-O stained frontal sections (scale bar =400 wm). Data are expressed as
mean + SD. n = 10/age/group. ***: p <0.001.
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qPCR analysis of cartilage

As highlighted by gPCR, WT chondrocytes expressed significantly more Hyal2
at 52 weeks than at 10 weeks of age (p < 0.05) (Table I). The chondrocytes
of Spam17- mice expressed significantly less Hyal2 than WT chondrocytes at
10 weeks (- 35%; p < 0.05), 30 weeks (- 41.3%; p < 0.01) and 52 weeks (-
54.7%; p < 0.001). Contrary to WT, in Spam1” chondrocytes the Hyal2
expression remained constant throughout the experiment.

Spam17- chondrocytes expressed more Hyall than WT chondrocytes at 10
weeks, but this difference was not significant (Table ). This difference
decreased with time because WT mice expressed significantly more Hyall at
52 than 10 weeks (p < 0.05). Through all the experiment, the Hyall

expression of Spam1”- chondrocytes remained approximatively the same.

At 10 weeks of age, we did not observe any difference in the expression of
Mmp13 between Spam17-and WT chondrocytes. This expression increased
significantly in WT chondrocytes with time. At 52 weeks, WT chondrocytes
expressed significantly more Mmp13 than Spam17- chondrocytes (p < 0.05)
and WT chondrocytes at 10 weeks (p < 0.05).
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Table I. Expression of Hyall, Hyal2, Mmp13, Adamts-5, Collagen Type I, HAS-2 by WT and
Spam17 chondrocytes as assessed by qPCR at 10, 30 and 52 weeks of age.

Age
Genotype | 10 weeks 30 weeks 52 weeks
Hyall WT 1+£0.21 1.14+£0.18 1.37+£0.26 |$
Spaml1”/ [1.29+#0.19|n.s. |1.27+0.14 |n.s. [1.29+0.16 |n.s.
Hyal2 WT 1+£0.13 1.09+0.16 1.26+0.24 |S
Spam1’/ [0.65+0.08|* 0.64+0.13 |[** [0.57+0.25 |***
Mmp-13 |WT 1+£0.46 1.24 +0.37 1.56+0.29 |S
Spaml1” [0.96+0.38|n.s. |[1.06+0.27 |n.s. [1.15+0.27 |*
Adamts-5 |WT 1+04 1.03+0.25 1.15+0.27
Spam1”/ [0.99+0.33|n.s. [1.06+0.28 |n.s. [1.05+0.23 |n.s.
Collagen
Typell |WT 1+£0.26 0.95+0.16 0.9210.21
Spaml1”/ [0.97+0.19|n.s. [1.02+£0.21 |n.s. [0.94+0.18 |n.s.
HAS2 WT 1+£0.18 1.06+0.24 1.03+0.23
Spaml1”/ [1.03+£0.24|n.s. |[1.01+£0.18 |n.s. [0.98+0.22 [n.s.

Data are the

mRNA expression of enzymes/actin as mean = SD; n=10/group/age; each

sample was assessed in triplicate. Ns: non-significant; *: p <0.05, **: p <0.01, ***: p <0.001
between WT and Spam1” at the same age; $: p < 0.05 between WT 52 weeks and WT 10

weeks.

The expression of Adamts-5, type 2 collagen and has2 did not appear

different between both groups and did not change from 10 to 52 weeks

(Table ).




Discussion

According to our results, Spam1”- mice did not show specific external or joint
morphological character. However, the subchondral bone of their tibial
plateau had a lower BMD than that of WT mice; this difference was
significant from 20 weeks of age and was accentuating until 52 weeks. At
this age, Spam1” mice had a significantly lower Modified Mankin score of
the knee than WT mice. Those results were associated with a significantly
lower chondrocyte expression of Hyal2 and Mmp13 in Spam1” than in WT

chondrocytes.

First of all, we used a knockout model instead of a conditional knockdown
one (31) because Spaml1”/- mice are viable and, except testis, Spam1
expression is very low in other cells, including chondrocytes. Furthermore,
the main hyaluronidases, Hyall and Hyal2, were also studied with knockout
mice (62, 247). As expected, Spam1” litters were extremely significantly
smaller than WT ones. Indeed, Spam1 is the major testicular hyaluronidase
(55) and allows the spermatozoids to penetrate the oocyte-cumulus
complex (248). Until now, no study has focused on the general phenotype of
the Spam1”/ mouse. Our morphological data (mice weight and size, external
characters) did not highlight any phenotype difference between WT and
Spam17/- mice. Similarly, Hyal17- mice presented no difference in size, tissue
morphology and organ weight until 12 months of life (62). On the contrary,
Hyal2/- mice can be recognized among litters by their characteristic
shortened nose as early as 3 to 4 weeks and display craniofacial and cervical

vertebrae abnormalities (247).
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pQCT analysis revealed that BMD of the tibial plateau of Spam1”- mice was
lower than that of WT mice throughout the experimental period. This
difference was associated with a significantly lower modified Mankin score
of the knee in Spam1”  than WT mice at 52 weeks. At this time, we observed
some increase in bone mass of the tibial plateau in WT mice only. Since both
subchondral bone and cartilage modifications are typical of OA, the
knockout of Spam1 seems to have a protective effect on the joint towards
age-related cartilage loss. By comparison, according to previous studies,
Hyall7/- mice accumulated HA in articular and epiphyseal cartilage and
exhibited OA. A decrease in Safranin O staining was observed in Hyal1”- mice
as early as 3 months up to 20 months compared to WT mice (62). Recently,
Higuchi et al. (60) showed that a conditional knockdown of Hyal2 in articular
cartilage aggravated age-related cartilage degradation as well as OA induced

by destabilization of the medial meniscus.

As previously highlighted by some authors, the knockout of one
hyaluronidase can affect the expression of other enzymes that degrade the
ECM. In Hyall”" mice, the expression of Hyal3 was elevated suggesting a
compensation role in HA degradation in all tissues, except skeletal ones (62).
Nevertheless, Atmuri et al. (77) concluded that Hyal3 is not a major
contributor to constitutive HA degradation. In Hyal2”/~ mice, besides the
increased OA progression, Hyall expression in articular cartilage was not
modified, but expression of Mmp13 and Adamts-5 was increased (60).
Recently, Chowdhury et al. (74) suggested the existence of Hyal2-

independent pathway of HA degradation. Spam1, clustered on another
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chromosome than hyaluronidases Hyall to 3, is expressed in human and
mice chondrocytes (31, 64). Furthermore, Spam1 is the only hyaluronidase
active at neutral pH and able to degrade HA (64, 249). According to our data,
Spam17- chondrocytes expressed significantly less Hyal2 than WT
chondrocytes and their expression remained constant throughout the
experiment, whereas WT chondrocytes expressed significantly more Hyal2
with ageing. On the other hand, we did not find any significant difference in
Hyall expression between the two groups at the different ages, although
only WT chondrocytes expressed significantly more Hyall at 52 weeks than
at 10 weeks. So, Hyall and Hyal2, which are widely expressed and
considered the major HA-degrading enzymes in somatic tissues (31, 32, 52)
are not more expressed by Spam17- chondrocytes with ageing. Since the
complex CD44-Hyal2 deals with first step of HA degradation (75), the

knockout of Spam1 could decrease the HA degradation with ageing.

Besides hyaluronidases, the matrix proteases Adamts-5 and Mmp13 are
upregulated during OA development and play a role in the hypertrophic
differentiation of articular chondrocytes (250). We did not observe any
difference in the expression of Adamts-5 between both genotypes whatever
their age. At 52 weeks of age, however, Spam1” chondrocytes expressed
significantly less Mmp13 than WT chondrocytes. Only WT chondrocytes
increased significantly their Mmp13 expression with ageing. Mmp13 being a
regulator of inflammation (206), its lower expression in Spaml”

chondrocytes at 52 weeks of age might protect the joints by preserving ECM.
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One limitation of our study is the difficulty to obtain RNA in enough
amounts. To avoid using too many mice, it might be useful to consider an in-
vitro Spam17-chondrocyte model to analyse the expression of enzymes that
degrade or synthesize the ECM. This model could also be useful for studying
the reaction of Spam17-chondrocytes in inflammatory conditions. A second
limitation concerns the bone analyses. The tibial subchondral bone
architecture could be evaluated more accurately using Micro-CT instead of

pQCT.

In conclusion, our data show that the absence of Spam1 seems to have a
protective effect on the joint components towards age-related cartilage loss.
Furthermore, Spam1 knockout appears to have an impact on the
chondrocyte expression of the two main hyaluronidases Hyall and Hyal2, as

well as of Mmp13.
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Abstract

Hyaluronan [HA] is crucial for cartilage structure and functions. Hyaluronidases
Hyall and Hyal2 and HA synthase 2 [HAS2] determine its levels. We reported the
depletion of HA in osteoarthritic [OA] cartilage and the chondrocyte expression of
the neutral-active Hyal-Spam1/PH-20. Recently, we showed that, at 52-weeks of
age, Spam17- mice had a two-fold reduction in Mankin histologic-histochemical OA
score [MS]. This 10-weeks-study weekly explored the cartilage and subchondral
bone defects induced by knee destabilization in Spam1”- and WT mice. MS
increased at week-2 to reach, by week-10, 6.5/15 in Spam17, and 13.6/15 in WT.
On day-3, subchondral tibial bone mineral density and bone volume fraction
decreased in WT and unexpectedly increased in Spam1”-. Trabecular changes in
number [Th.N] and thickness [Tb.Th] accounted for these differences. Later, on day-
7, BMD remained higher in WT. Changes in BV/TV, Tb.N, and Th.Th were not
significant. The volume and number of osteophytes in Spam1”- were lower than in
WT. The rise in enzyme expression in WT versus Spam17 was 21-fold vs. 6-fold for
MMP13, 4-fold vs. 2-fold for Hyall, and 2-fold vs. O-fold for Hyal2. HAS2 collapsed
with time post-surgery in both genotypes. Spam1 might be an important new target

for OA prevention and therapy.
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1. Introduction

Hyaluronan [HA] is an unbranched linear covalent polymer alternating
glucuronic acid-N-acetylglucosamine [GIcA-GIcNAc] and reaching a
molecular mass [MM] of 10°-107 Da (36, 63, 251). HA is essential for the
assembly of the sophisticated extracellular matrix [ECM] that brings physical
scaffolding to the cells and initiates biomechanical and biochemical cues for
tissue morphogenesis, differentiation, and homeostasis. In body fluids, the
polyanionic HA chain attracts cations and water and adopts an expanded
random coil conformation. These intra-and intermolecular interactions
produce a viscoelastic gel that hydrates, shapes, and gives turgor to the
tissues while facilitating cellular migration and proliferation (252). Many
cells have an HA-rich protective pericellular matrix [PM] (253). The
interactions HA with CD44, Toll-like, and other transmembrane proteins are
essential for tissue homeostasis (254). The results depend on the HA size.
Typically, high MM HA reduces joint enzymatic degradation (255-258).
Conversely, low MM HA promotes angiogenesis, inflammation, and bone
resorption (31, 119, 259-261). In the ECM further remote from the cell, HA
binds tissue-specific proteins to form large complexes. In cartilage, HA
binding to aggrecan retains it at high concentrations within the collagen
network to provide compressive resilience (104, 262). Breakdown and loss
of HA as occur in osteoarthritic [OA] cartilage alter joint biomechanics and
contribute to the destruction of cartilage and subchondral bone (168, 263).
We know little about the regulation of HA metabolism, partly because of

technical difficulties. There 15 g of HA in a 70-kg individual, of which 5 g is

replaced daily (63, 264). HA half-life varies among and within tissues and
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can be as short as 2-5 minutes in the blood and as long as 18 days when
bound to cartilage aggrecans (264, 265). In chondrocyte cultures, HA half-
life is shorter in the cell-associated matrix than in the ECM further remote
from the cells (266). Cells strictly regulate the synthesis and degradation of
HA to maintain the homeostasis of this critical component of the ECM. HA
synthases are transmembrane proteins. Eucaryotes express three isoforms
(45). HAS2 produces very high MM HA [> 4 MDa], whereas HAS3 and HAS1
provide smaller polydisperse chains with an average MM of 0.8 and 1 MDa,
respectively. HAS gene usage is tissue-specific, and regulation of HA
synthesis multi-faceted. HAS2 predominates in cartilage and HAS1 in the
synovium (267). Complete deficiency of HAS2 causes embryonic lethality
(63). The repair of cartilage injury is ineffective in HAS17/ mice. HAS1
ablation does not alter the HA content of cartilage but enhances apoptosis
and IL-17/IL-6 signaling (268). In human OA, chondrocytes increase their
rate of HA synthesis significantly compared to normal (269). Thus, the
reduction in the content of HA seen in OA cartilage results from enhanced
HA catabolism. Free radicals and hyaluronidases [Hyals] degrade HA (254,
270). Hyals are endo-B-N-acetyl-hexosaminidases in mammals. Humans
have six HYAL genes that are clustered at 3p21.3 [HYAL2-HYAL1-HYAL3],
and 7931.3 [SPAM1-HYAL4- HYALP1] (56, 63, 271). The mouse orthologs
have a similar organization on chromosome 9F1-F2 and 6A2, respectively.
HYALP1 is active in mice and a pseudogene in humans (272). Rodents have
an additional HYALS, that maps downstream of SPAM1 (273, 274). As they
are ubiquitously expressed, Hyall and Hyal2 are likely candidates for the

constitutive degradation of HA (31, 63, 74, 275). Hyall is acid-active and
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found in both lysosomes and body fluids. Hyal2 is a GPl-anchored protein.
In vitro, Hyal2 activity occurs at pH 4-7 and requires the presence of CD-44
(107). Both Hyals degrade high MM HA, but Hyall yields tetrasaccharides,
and Hyal2 generates 20 kDa products. Within a proposed model (63, 275),
Hyal2 initiates HA degradation extracellularly by cleaving the high MM HA
that is bound to a cell surface receptor such as CD44, HARE or LYVEL. The
resulting 20 kDa fragments are then internalized by receptor-mediated
endocytosis to enter the endosomal/lysosomal pathway. In lysosomes,
Hyall cleaves the 20 kDa fragments to smaller pieces that become
substrates for the sequential action p-glucuronidase and [-N-
acetylhexosaminidase that give GIcA and GIcNAc, respectively. The HA
fragments escaping cellular endocytosis within their native tissue gain the
lymphatics where most HA degradation occurs in the lysosomes of the
lymph node (264). HA avoiding local and lymphatic breakdown enters the
blood to be remote by blood-filtering organs. In cartilage, HA is degraded
by HYALs intracellularly or extracellularly, depending partly on its
association with aggrecan (273). HA free of aggrecan or aggrecan G1
domains bound to HA can be internalized via CD44 (65, 67). By contrast,
chondrocytes cannot internalize high MM intact aggrecan-HA complexes
before enzymatic cleavage. As hyaline cartilage is paucicellular, HA of the inter-
territorial matrix remote from the chondrocyte might escape endocytosis.
Cartilage explants release HA, link protein, and aggrecan G1 fragments
concomitantly into their media (259, 276). Pulse-chase labelling studies
revealed that one-fourth of the pulse labelled [L] HA escaped into the

medium the first day of the chase with no further release at later times
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(277). Also, the average size of the tissue L HA was higher than that of the
resident unlabelled [RU] HA at early chase times but decreased toward the
size of the RU HA with a half-life of 1-2 weeks. These studies suggest
extracellular degradation of HA. Among the candidate enzymes for the
extracellular degradation of cartilage HA at pH values of 6.8-7, we disqualify
the acid-soluble Hyal1 as Hyal1”/- mice exhibit OA of the knee joints as early
as three months of age (62). We also eliminate the weakly expressed Hyal3.
Mice deficient in Hyal3 are viable and do not accumulate HA (77). However,
Hyal3 may compensate for Hyall in HA degradation as Hyall null mice raise
their Hyal3 expression (62). Further, Hyal4 is just a chondroitinase that does
not express any Hyal activity (278). By contrast, Spam1 or PH-20 is a likely
candidate for the degradation of HA in cartilage ECM. The enzyme was
initially found in sperm as it assists in sperm penetration through the HA-
rich cumulus oophorus surrounding the oocyte (90). Rodents express the
additional neutral sperm Hyals: Hyal5 and Hyalp1 (272, 273). Spam1 cleaves
HA at both acidic and neutral pH and is the most active mammalian Hyal.
The enzyme degrades HA of any size into tetrasaccharides. Male and female
genital tracts both express Spam1 (32, 90). Also, Spam1 is present in the
kidney (279), and we reported its expression in dermal fibroblasts,

synoviocytes, and chondrocytes (64).

Accordingly, overexpression of Spam1 by chondrocytes may contribute to
the depletion of HA in articular cartilage and the development of OA. We
recently show that the absence of Spam1 reduces age-related cartilage

changes (280).
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To test this hypothesis, we destabilized the medial meniscus and transected
the anterior cruciate knee ligament in 10-week-old Spam17- and WT mice.
We sampled knees at different times between 3- and 70-days post-surgery
and graded OA damage in cartilage and subchondral bone by using histology,

pQCT, UCT, and immune-histochemistry.
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2. Results

2.1. Survival and bodyweight

All mice completed the 70-day study. On days O and 7, there was no
difference in mean body mass between Spam1’- and WT mice, whether
operated on, sham-operated or non-operated. On day 70, the operated
[OA], sham-operated, and non-operated Spam1”- mice, as well as the sham-
operated and non-operated WT mice, also had a similar mean body mass of
33.6 g. Only, the operated [OA] WT mice had a higher mean body mass of
35.8 g. As operated WT mice moved more slowly and rested much often
than mice of the other groups, the discrepancy in the level of physical activity

might contribute to explain the higher body weight of operated WT mice.

2.2. Mankin Score changes

Figure 1 gives the severity of OA lesion in the tibial plateau of operated WT
and Spam1” mice at different time points after surgery. From day 0 to day
3, the score was < 2/14 in all WT and Spam1”" mice, whether operated or
belonging to control groups [sham-operated and non-operated for each
genotype]. On day 7, the maximum score was 3/14 in 20% of operated WT
mice and 10% of operated Spam1”- mice, all other mice of the four control
groups having a maximum score of 2/14. In operated Spam1”/mice, the
mean score of OA changes enhanced by 250% [from 1.6 to 5.6] between day
7 and day 28 post-surgery and then plateaued [from 5.6 to 6.5] until the
study ended on day 70. The situation was worse in WT mice. Between day 7

and day 14, their mean OA score increased abruptly by 477% [from 1.3 to
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7.5] before rising at a slower pace [mean increase 87%; from 7.5 to 14]
between day 14 and day 70. Thus, at the end-of-study, the rise in the Mankin
score of operated WT mice was 2 to 3-fold higher compared to operated
Spam17-. In the two control groups of both WT and Spam1”- mice, the mean

histological OA score never exceeded the value of 3 during the 70-day study.
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Figure 1. Grading of the severity of OA lesion with the modified Mankin scoring system in
WT (blue closed circles) and Spam1”- (red open circles) mice.

The severity of the OA lesion in the tibial plateau was graded on a scale 0-14 using the
modified Mankin scoring system. Each point represents the mean of six assessments
assessed in one mouse at a time point. N = ten mice per group and experimental day. ***
p<0.001 by Fisher test. We only give the statistically significant differences between Spam1-
 mice and WT mice.
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2.3. Bone mass of the tibial plateau

Before surgery, the pQCT-based mean BMD of the medial tibial plateau in
Spam1”- mice was reduced by 5% compared to WT [p = 0.03]. As compared
to values on day O [Figure 2, upper panel], the mean BMD of operated WT
knees decreased by 8% on day 3 and by 9% on day 7 before recovering the
day O value on day 14. Then, a second drop in BMD occurred by days 28 [-
3.5%], 56 [-4.8%] and day 70 [-6.5%]. In sham-operated knees, the mean
BMD decreased by 4% on day 3, by 3% % on day 7, and reached the day 0
level on day 14. Then, the BMD increased by 1.1% on day 56 and by 1.5% on
day 70.

The story was different in operated [OA] Spam1”/- mice [Figure 2, lower
panel]. Surprisingly, the BMD was increased by 5.3% on day 3 and decreased
by 4.7% on day 7. The BMD then regained the day 0 level on day 28 before
reducing by 2.6% on day 56 and by 7.7% on day 70. In sham-operated Spam1-
/- mice, the BMD dropped by 1.5% on day 3 and by 2.7% on day 7, returned
to day O levels on day 14, and then decreased by 1.2% on day 28, by 2.6% on
day 56, and by 5% on day 70. The loss in BMD between day 0 and day 70
was 7% in operated [OA] WT knees, and 8% operated [OA] Spam1” knees.
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Figure 2. Changes in pQCT-based BMD of the right medial tibial plateau in WT [upper
panel] and Spam1”/ [lower panel] mice from day 0 to day 56 after knee destabilization
The value given at each time point for a group represents the Mean + SEM of the values
obtained in ten animals of this given group. Upper panel: closed blue circles = operated WT;
open white circles = sham-operated WT. Lower panel: closed red circles = operated Spam1-
/. open white circles = sham-operated Spam1”-. * = p<0.05 between operated and sham-
operated.
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2.4. Micro-CT analysis of tibial subchondral bone

To get a better insight into the early postoperative discrepancies in BMD
changes between [OA] WT and Spam1”- knees, we performed pu-CT analyses
on the cancellous ROI defined in the medial horizontal subchondral bone of
medial tibial plateau specimens. Table 1 and Figure 3 give the results
obtained for BMD, bone volume per tissue volume [BV/TV], the trabecular
number [Tb. N], trabecular spacing [Th. Sp], and trabecular thickness [Th. Th]
at different postsurgical time points.

On day 0 and as compared to WT [Figure 3A], the cancellous bone of Spam1-
/- exhibited enhanced Tb. N [+23%)] as well as a decreased BMD [-5%], BV/TV
[-12%], and Th. Th [-23%]. All these changes were statistically significant, and
the magnitude of the relative decrease in BMD was similar to that obtained
by pQCT. On day 3, BMD [Figure 3A] and BV/TV [Figure 3B] both decreased
dramatically in operated [OA] WT mice [-6.5% and -7.6%, respectively] and
increased markedly in operated [OA] Spam1’/- OA mice [+3% and +10%,
respectively]. It was the only time point during which BMD and BV/TV in OA
Spam17- mice were significantly higher compared to OA WT. Parallel
modifications in Tb Th mainly drove these differences in BMD and BV/TV [-
16% in WT and +25% in Spam17; Figure 3D]. There were less marked inverse
changes in Tb. N [+10% in WT and -12% in Spam1~-; Figure 3C].

Then, onday 7 and in each genotype, the mean BMD values returned to their
corresponding day O values [Figure 3A]. However, as compared to day O
[Table 1], the mean Tb. N was enhanced by 4% in WT and reduced by 7.4%
in Spam1”, whereas the mean Tb. Th was decreased by 8% in WT and

increased by 11% in Spam17.
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The results highlight marked differences in the way each genotype adapts
the microarchitecture of its subchondral bone rapidly to drastic changes in
joint biomechanics.

The representative uCT images of tibial plateaus [Figure 4] from WT [left
panels] and Spam17-[right panels] mice show the profound changes in BMD
occurring during the first week post-surgery. According to the color scale,
the medial plateaus of WT specimens are blue-green [high BMD values] on
day 0 and day 7, and green-red [medium BMD values] on day 3. In contrast,
the medial plateaus of Spam1”" specimens are green-red [medium BMD
values] on day 0 and day 7, but full green [low BMD values] on day 3.

In the absence of contrast medium specific to cartilage, we also show
safranin-O-stained sections of the femorotibial joint compartment. During
the first postoperative week, the significant microarchitectural changes in
the subchondral bone contrasted with the small histological OA lesions
observed in corresponding cartilage slices. The Mankin score of 3/14 was
similar to that seen in control knees [sham-operated and non-operated].
Also, the histological sections witness the severing of the cruciate ligament

and the translocation of the medial meniscus.
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Figure 3. Micro-CT analysis of tibial subchondral bone in OA WT [closed blue circles] and
OA Spam17- [closed red circles] mice during the first seven postoperative days.

A. Bone mineral density (BMD). B. Bone volume fraction (BV/TV). C. Trabecular number
(Th.N). D. Trabecular thickness (Th.Th). We only give statistically significant differences and
the percentage of increase (+) or decrease (-). P-value alone represents the difference
between the two murine groups on the same experimental day. P-value + percentage
represent the change of the parameter within the same group between two consecutive
experimental times. We give data as mean £ SEM. N = ten mice per group and experimental
day.

75



0 Aeqg

€ Aeq

[ Aeq

Spam17 OA

Wild Type OA

Figure 4. Histological and micro-CT frontal sections through proximal tibias of destabilized
knees from Wild Type OA and Spam1”/- OA mice on day 0, day 3, and day 7 post-surgery.
The color scale corresponds to BMD values. The changes in BMD of the medial plateau on
day 3 are evident: as compared to similar specimens sampled on day 0 and day 3, the BMD
of day 3 samples deceased in WT OA and increased in Spam1” OA.
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Table 1. Micro-CT analysis of right tibias of Spam1”- OA and WT OA mice at days 0, 3, 7, 14, 28, 56 and 70 after OA induction.

Micro-CT parameters

Experimental time Mice |BMD (mg hydroxyapatite/cm?)  p-value BV/TV (%) p-value | Th.N(1/mm) p-value Th. Sp (um) p-value Th. Th (pm) p-value
Day 0 WT|1080.3 [1063.4 - 1097.1] 81.7 [77.6- 85.7] 4.7[4.4- 5] 106.1 [99.1 - 113] 175.9 [157.6 - 194.2]
Spam11028.6 [1003.3 - 1054] 0.0016]72.1 [67.1 - 77.1] 0.0039|5.4 [5- 5.9] 0.0048|107.31 [101.6 - 113] 0.7458|134.6 [115.3 - 153.9] 0.0027
Day 3 WT 0A|1006.9 [988.06 - 1025.9] 75.5[72-79] 5.1[4.9-5.3] 106.77 [97.6- 115.9] 147 [137.1- 157]
Spaml"r' OA|1058.6 [1043.8 - 1073.4] 0.0001]79.4 [76.2 -82.6] 0.0789]4.8 [4.5- 5.1] 0.0671|107.86 [102.6 - 113.1] 0.3040| 168 [149.4 - 186.7] 0.0514
Day 7 WT 0A|1076.8 [1055.8 - 1097.8] 77.7[71.9- 83.6] 4.9[4.6- 5.1] 110.9 [102.4 - 119.4] 161.7 [141.8 - 181.7]
spam1” 0A|1020.5 [1001.5- 1039.5] | 0.0004|72.6 [68.2- 79.3] 0.3740|5 [4.7 - 5.3] 0.4543|104.3 [92.9 - 115.6] 0.2858|150.1 [133.4 - 166.8] 0.3370
Day 14 WT 0A|1067.4 [1049.1 - 1085.7] 81.2[77.2- 85.3] 4.3[4.2-4.4] 121.9 [104.8 - 139.1] 189.6 [175.5 - 203.7]
Spaml"L 0A|1029.8 [1012.1 - 1047.6] 0.0036|70.1 [63.1- 77] 0.0071]4.8 [4.6 - 5] 0.0004|138.6 [123.6 - 153.7] 0.1070{145.3 [131 - 153.7] 0.0001
Day 28 WT 0A|1074.2 [1056 - 1092.4] 75[70.5-79.5] 4.6[4.3-4.9] 134.2 [115.4 - 152.9] 164.9 [146.6 - 183.4]
Spaml"L 0OA|1020.9 [1008.5 - 1033.2] | <0.0001|67.7 [59.6- 75.8] 0.0709]4.3 [3.9-4.7] 0.1765|145.5 [134.2 - 156.7] 0.2855|159.4 [131.6 - 187.3] 0.6951
Day 56 WT 0A|1032.5 [1018.6 - 1047.3] 63.8 [80.5- 67.1] 4,2[4-4.5] 149.7 [136.4 - 163] 151.4[139.4 - 163.5]
Spaml"r' 0A|1022.5 [1014.1 - 1031.8] 0.2188|56.1 [51.7 - 60.4] 0.0041]3.5 [3.6- 4.3] 0.1143|177.4 [162.3 - 192.4] 0.0059]143.6 [130.1 - 157.1] 0.3341
Day 70 WT 0A]1001.6 [983.33 - 1019.9] 3.3 [60.1 - 66.5] 4.1[3.9-4.4] 153.4 [145.6 - 161.2] 154.3 [139 - 169.7]
Spaml"r' 0A|984.8 [958.82 - 1010.7] 0.2242|54.1 [49.5 - 58.7] 0.00114 [3.7- 4.3] 0.5013|167.2 [153.9 - 180.4] 0.0442|135.2 [120.4 - 150.1] 0.0600

Measurements included bone mineral density (BMD), bone volume fraction (BV/TV), trabecular number (Th.N), trabecular separation
(Th.Sp) and trabecular thickness (Th.Th). Results are expressed as Mean [95% confidence interval]. Statistical differences between Spam1-
/- OA and WT OA mice were calculated for each parameter at each experimental time. N=10/group/experimental time.
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2.5. Osteophyte volume and ectopic calcifications

3D reconstruction of micro-CT slices features osteophytes [OSP] and ectopic
calcifications [EC] in the operated knees [Figure 5, upper panel]. OSPs usually
occupied the posteromedial side of the knee and were found as early as on
day 14 post surgery in both genotypes.

In OA WT mice, the OSP frequency was already 100% as early as on day 28
[Figure 5, left lower panel] whereas, in OA Spam1” mice, their incidence
averaged 60-70% from day 14 to day 56 and reached 90% on day 70. OSPs
had a similar mean volume in the two genotypes, both on days 14 and 28.
By contrast, and as compared to OA Spam17", the size of OA WT osteophytes
was twice as broad on day 56 [p = 0.0276] and about four times as large on
day 70 [p = 0.0011].

From day 0 to day 14, we did not find any EC as defined as inappropriate
biomineralization occurring in joint soft tissues, not connected with the tibia
or the femur, and different from the patella, fabella, and anterior horns of
menisci (53, 54). By contrast, we detected mineralized nodules on day 28
post surgery [Figure 5, right lower panel], and there was no difference in
their mean number between OA WT and OA Spam17/‘mice. Mineralized
nodules were more numerous in OA WT mice compared to Spam1/mice on

both day 56 [p = 0.0003] and day 70 [p = 0.0037].
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Figure 5. Micro-CT analysis of the right knees of WT OA and Spam1”/- mice. Upper panel:
3D reconstruction (CTvox — Bruker) at days 28 and 70 post-surgery. Posteromedial view.
Lower panels. Left: Osteophyte volume (mm?3) and incidence (%) at different experimental
time points post-surgery. Right: Number of ectopic calcifications at different experimental
times. **: p<0.05; ***: p<0.01. N = ten mice per group and experimental day.
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2.6. Immunohistochemistry [IHC] of matrix enzymes

Figure 6 [panels A] illustrates the chromogenic staining for Mmp-13 in
histological slices of cartilage sampled from operated [OA] WT and Spam1”/
knees. As Mmp-13 plays a significant role in the degradation of cartilage
collagen during the early stages of OA (281, 282), it is worth noting that the
staining for Mmp-13 increased in surface and intensity with time post-
surgery in operated [OA] WT cartilage. Interestingly, at each of the five-time
points of the study, the strength and expanse on Mmp-13 staining were
markedly reduced in Spam1” histological slices compared to WT.

The results of semi-quantitative IHC scores given in panels B to E of Figure 6
are in close agreement with the subjective visual scoring of slice staining
given above for Mmp-13. At days 0, 14, 28, 56, and 70, the IHC score for
HAS2 [panel B] was similar in both WT and Spam1”- cartilages. Also, as
compared to their IHC score for HAS2 on day 0, the WT and Spam1”-cartilage
specimens exhibited a significant decrease in their HAS2 score on day 14 [-
54 and -41%, respectively], 28 |-63 and -49%], 56 [-70 and -54%], and 70 [-
77 and-62%]. Thus, the expression of HAS2, the most abundant HAS in
chondrocyte, collapsed with time post-surgery in both WT and Spam1- tibial
plateau cartilage.

WT and Spam17- cartilages did not differ in their IHC score for Hyall [C] on
day 0. Likewise, the two cartilages did not differ in their IHC score for Hyal2
[D] on day 0. The IHC score for Hyall in WT cartilages became significantly
higher compared to Spam17-on days 56 [p = 0.0027] and 70 [p<0.0001]. WT
cartilages also had a significantly higher IHC for Hyal2 on days [56; p =
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0.0035] and 70 [p<0.0001]. As compared to day O values, the HIC score for
Hyall in WT specimens increased significantly at all time points, i.e., by 200%
on day 14, 343% on day 56, and 477% on day 70. In Spam1” specimens, a
smaller but significant increase in Hyall score |+95%] occurred at day 70. As
far as Hyal2 is concerned, its IHC score in Spam17- cartilages did not change
significantly from day O to day 70. By contrast, WT cartilage exhibited a
significant gain in their HIC score for Hyal2 |+85%] at day 70.

At baseline, WT and Spam1”- cartilages had a similar IHC score for Mmp-13.
The score raised in all operated mice but at a different pace. In WT
specimens, the expression of Mmp-13 bursted [+878%] as early as on day 14
and kept climbing by 2271% on day 56 and 1720% by day 70. We had a lower
positive slope for Mmp-13 expression in Spam17/ specimens. As compared
to day O values, the IHC score increased by 212% on day 14, 440% on day 28,
510% on day 56, and 623% on day 70. Thus, the expression level of Mmp-13
had increased by 18-24 times in [OA] WT cartilages, and only by 6-7 times in

[OA] Spam1”- specimens.
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Figure 6. Immunohistochemistry of ECM enzymes in the cartilage of the medial tibial
plateau from operated WT mice [closed blue circles] and operated Spam1”/- mice [closed
red circles]

A. Two upper panels: chromogenic immunohistochemistry (IHC) staining of Mmp-13 in
cartilage sections sampled from the knees of WT mice [top row] and Spam1”- mice [lower
row] at day O, day 14, day 28, day 56, and day 70 after surgery. The higher the brown
color, the higher the tissue content in Mmp-13

Lower panels: Evolution of immunoreactive score (IRS) for Hyaluronan synthase 2 |HAS2;
B], hyaluronidase 1 [Hyal1; C], hyaluronidase 2 [Hyal2; D] and Mmp-13 (E) with time post-
surgery. In cartilage from operated WT and Spam1” knees. The IRS represents [the ratio of
the positive staining area to the total tissue area] *100. N = ten mice per group for each
genotype and at each time point of the study. We express the results as Mean [95%
confidence interval]. [95% confidence interval]. We give the p-value between WT and
Spam1” specimens at the same time point. ** = p< 0.01; **** = p<0.0001
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3. Discussion

The results presented herein indicate that inactivation of Spam1/PH-20
reduces the development of OA lesions markedly in the knee cartilage and
subchondral bone in a model of severe OA utilizing surgical instability (283).
On day 70 post-surgery, the Mankin histologic-histochemical OA score in
operated Spam1”/- knees was mild to moderate at 6.5/14 and contrasted
with the severe rating of 13.4/14 observed in operated WT knees. As
compared to OA WT chondrocytes, Spam17- chondrocytes expressed 3 to 4
times fewer Mmp-13 as well as two times less Hyall and Hyal2. Also, the
postsurgical defects in subchondral bone microarchitecture were worse in
WT tibial plateaus than in Spam17-. Yet, we had raised the challenge by
combining risk factors of murine OA. We indeed chose CD1 mice known to
have a more severe aging-associated spontaneous OA compared to other
usual laboratory strains (284). We also included male mice that develop
more severe OA than females (285). Besides, we enhanced the maximum
loading and malalignment of the knee joint by combining two surgical
instability procedures, namely the anterior cruciate ligament transection
[ACLT] and a destabilization of the medial meniscus [DMM] (283). Both
processes produce lesions primarily on the central weight-bearing region of
the medial tibial plateau and medial femoral condyle. The posterior drawer
caused by ACLT also causes injuries in the posterior aspect of the tibial
plateau.

Spam17- mice do not exhibit overt specific morphological characters for up

to 52 weeks of age (280). We noted a 7% reduction in their tibial plateau
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BMD that amounted to 7% at 30 weeks of age and 12% at 52 weeks of age.
The knee cartilage of 52-week-old specimens also exhibited a Mean * SD
Mankin histologic-histochemical OA score of 3.2 + 0.9 that contrasted
significantly with the score 5.6 + 1.1 in WT [p < 0.001] found in control WT
specimens of the same age. This observation suggests that silencing Spam1
might have a protective role for cartilage in health and disease. As expected,
Spam1”- litters were smaller than regular ones with four pups versus
thirteen pups in control WT. Though Spam1 assists in sperm penetration
through the HA-rich cumulus oophorus surrounding the oocyte (90), rodents
partly overcome their lack of Spam1 by expressing two additional neutral
active sperm Hyals, namely Hyal5 and Hyalp1 (272, 273, 286).

The phenotypic effects of silencing other Hyals was explored. The defect in
Hyall results in mucopolysaccharidosis IX, a lysosomal storage disorder.
Hyall7/- chondrocytes display intense pericellular and cytoplasmic HA
staining leading to early osteoarthritis (62). We do not detect any elevation
of HA in Hyal17- serum and non-skeletal tissues. By contrast, murine Hyal2
deficiency results in enhanced serum HA levels and severe cardiopulmonary
dysfunction (74). Hyal3 deficient mice are viable and fertile, with no
accumulation of HA in tissues and body fluids (63, 77). However, its
overexpression in cultured kidney cells increased Hyall activity, suggesting
a role for Hyal3 in HA metabolism (63, 287).

Maintaining normal HA levels within the cartilage matrix is essential for the
structure and function of the articular tissue. For instance, OA and disuse

articular cartilage both have a marked depletion in their aggrecan content
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and enhanced amounts of aggrecan-degrading enzymes (288). Still, the two
tissues differ in their HA content that is normal in disuse and reduced in OA,
a difference that may account for the reversibility of disuse and the apparent
irreversibility of OA.

The degradation of HA within cartilage may differ between the pericellular
matrix and the interterritorial matrix further remote from the cells (22). In
the pericellular matrix, HA free of aggrecan or aggrecan G1 domains bound
to HA can be internalized via CD44 (65, 67). Csoka et al. proposed a model
for HA degradation that suggests co-ordination between Hyall and Hyal2
activities (56). Within this model, Hyal2 bound to a cell surface receptor such
as CD44 initiate HA degradation extracellularly to generate 20 kDa fragments
that are then internalized by receptor-mediated endocytosis and
transported to lysosomes (63). Once inside the lysosome, further
degradation takes place through the action of acid-active Hyall and
exoglycosidases. The delivery of HA to lysosomes by CD44 mediated
endocytosis is well documented for cartilage (67). This model might
contribute to explain why the conditional knockdown of Hyal2 in mice
causes OA by enhancing the cartilage and pericellular content in HA, as
observed in Hyal1”- mice (60).

By contrast, chondrocytes cannot internalize high MM intact aggrecan-HA
complexes before enzymatic cleavage. Also, cartilage is pluricellular, and
the HA molecules present in the inter-territorial matrix far from the cell
might escape endocytosis. Studies provide convincing evidence for

extracellular degradation of HA in cartilage (31, 259, 276). For instance,
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catabolic stimuli of cartilage explants induce the simultaneous release of
HA, Link protein, and aggrecan G1 fragments into conditioned media (as
reviewed by Bastow (31)). Also, pulse-chase labelling studies revealed that
one-fourth of the pulse labelled HA escaped into the medium the first day
of the chase with no further release at later times (277). Also, the average
size of the tissue labeled HA was higher than that of the resident unlabeled
HA at early chase times but decreased toward the size of the resident
unlabeled HA with a half-life of 1-2 weeks.

Spam1 or PH-20 is a likely candidate for the degradation of HA in cartilage
ECM. The enzyme is active in the pH range 4-8. Chondrocytes, synoviocytes,
dermal fibroblasts, and chondrosarcoma cells all produce the protein (64),
and catabolic agents, such as IL-1, up-regulates their production. As the pro-
inflammatory cytokines also up-regulate the expression of the CD44
receptor by chondrocytes, Spam1 activity within cartilage might reduce the
size of aggrecan aggregates, and thereby facilitates their chondrocyte
endocytosis. Also, by degrading randomly high MM HA, Spam1 to produce
HA fragments of different sizes and even tetrasaccharides. By contrast to
high MM HA that has anabolic effects, HA molecules of smaller formats have
significant catabolic effects. They are potent mediators of inflammation and
favor angiogenesis (260, 261). HA fragments of < 8000Da, but not high MM
HA, induce osteoclastic bone resorption (289). Thus, the Spam1-mediated
production of small MM HA molecules after surgery might contribute to
explain the transitory loss in subchondral bone BMD in WT mice during the

first postsurgical week. Spam1-mediated degradation of HA did not occur in
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Spam17/- mice and exogeneous High MM HA has an anti-osteoclastogenic
effect via Toll-like receptor-4 (290).

Hyaluronan fragments induce the transcription and expression of several
metalloproteinases [MMPs], including Mmp-13 (291), the critical degrading
enzyme of the cartilage collagen network. Excessive degradation of this
network is believed to be the point of no return during the OA disease
process. It is worth noting that Spam1l silencing was associated with the
down production by chondrocytes of fibrillar collagen degrading
collagenases (292), matrix metalloproteinase (MMP)-13 (293), leading to the
loss of cartilage matrix, The excessive proteolysis of the fibrillar collagen
component of the matrix is closely associated with hypertrophic

differentiation of chondrocytes (294).

In conclusion, this study demonstrated that the absence of Spaml was
associated with a significant decrease in the levels of cartilage and
subchondral bone defects following joint surgical instability. The mouse
model provides a promising tool to investigate the physiopathology of post-
traumatic OA. Our data also suggest that Spam1 might be a promising target

for the treatment and prevention of OA.
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4. Methods

4.1. Animals

Spermatozoids with inactivated SPAM1 were bought from the RIKEN
research institution (Tokyo, Japan) and used to generate Spam17- CD1 mice
in our institution. Janvier laboratories [53940 Le Genest-Saint-Isle, France]
provided Wild [WT] type CD1 mice. We performed weaning at four weeks.
The genotype of the mice was monitored by PCR amplifying the purified
genomic DNA from tail cut samples. According to RIKEN, we used the
primers: MHA3: TTGAAGTCCAATCGACAAGCT; MHA3:
GGTATTCAGAGGTACGATCAG; IL3NEO: TGATCTGGACGAAGAGCATCA.

4.2. Surgical procedures

As sex hormones significantly impact the progression of OA following medial
meniscus destabilization, with males having more severe OA than females
(285), we only included male mice in the study. We randomly distributed
10-week-old male WT and Spam1 mice into three groups per phenotype to
get the six following groups: operated [OA] WT, operated [OA] Spam1”,
sham-operated WT, sham-operated Spam17-, non-operated WT, and non-
operated Spam17-.

We anesthetized mice with the mixture ANESKETIN® - ROMPUN® 2% in
physiological saline (4ml/kg) from EUROVET Animal Health [Bladel,
Nederlands]. We used a surgical microscope and microsurgical instruments,
and we followed the procedure described by Glasson et al. (283). In the

operated mice [OA WT and OA Spam177], we sectioned the anterior cruciate
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ligament, and we remote the medial meniscus. We paid close attention not
to injure the articular cartilage and peripheral arteries. In the sham-operated
group [sham WT sham and sham Spam17], we only performed an incision
in the skin, the quadriceps femoris, and the joint capsule of the right knee.
Animals of the two control groups [WT and Spam17-] were free of anesthesia

and surgical procedure.

4.3. Peripheral Quantitative Computed Tomography [pQCT]

WT and Spam17- mice from the three groups were weighed and euthanized
at different times (0, 3, 7, 14, 28, 56, and 70 days; n = 10 per group and per
experimental time) after the surgery. The right hindlimb was dissected and
stored in 4% neutral Formaldehyde solution (Sigma-Aldrich®).

We scanned each specimen with a pQCT Research SA + (Norland Stratec,
Birkenfeld, Germany). We defined the subchondral bone of the medial
plateau of the tibia as the region of interest [ROI], and we acquired ten
frontal slices, separated from each other by 25um, and with an in-plane
voxel size of 70um. We assessed BMD according to the manufacturer
instructions for the XCT 5.4 software. The value retained for each specimen
was the average value calculated from measurements made on. The

reproducibility (CV) of BMD measurements was 1-2%.
4.4. Micro-computed tomography [u-CT]

Immediately after death, the intact tibias were remote and stored ina 4 %

neutral Formaldehyde solution (Sigma-Aldrich®) for a maximum of fourteen

89



days. We scanned specimens with a Microtomograph Skyscan 1275 (Bruker
microCT, Kontich, Belgium) equipped with an X-ray tube working at 40kV and
250uA. Knees were wrapped in paper, placed in a plastic container, and fixed
with plasticine within the p-CT to avoid any movement. Analysis settings
were: a pixel size of 8um, an exposure time of 100ms, a rotation step of
0.360°, and using a 360° rotation. The duration of each scan was 14 minutes.
The NRecon software [version 1.7.1.2.; Bruker microCT, Kontich, Belgium]
performed the reconstructions that were then analyzed by using CTAn
software (Bruker microCT) and CT Vox (Bruker microCT). The ROI was
designed as the medial part of the proximal epiphysis of the tibia between
the growth plate and the calcified cartilage.

According to the ASBMR nomenclature (295), we evaluated the relative
bone volume (BV / TV; %), bone mineral density [BMD; mg
hydroxyapatite/cm3], trabecular number |Tb.N; 1/mm], trabecular
thickness [Th.Th; um], trabecular separation [Tb.Sp; um], number of ectopic
calcifications, and osteophyte volume [mm?3]. The CV of repeated

measurements is <2%.

4.5. Histological analysis

After u-CT processing, we decalcified the right hindlimbs of the WT OA and
Spam1”/- OA mice using a quick decalcifier (Osteoral, RALA320715-2500,
VWR) for 72hours. We then embedded specimens in paraffin before

sectioning (5um) in the frontal plane. The slices from the middle and the
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posterior compartments of the knees were stained using Safranin O and
finally mounted on glass plates for Modified Mankin score analysis.

The modified semi-quantitative grading histological scale was graded based
on the following items: cartilage structure (0 to 6 points), cartilage cells (0 to
3 points), Safranin-0 staining (0 to 4 points) and tidemark integrity (0 to 1
point). Two observers, blinded to the label of the slide, scored each slide
independently. A scoring table is available in the paper of Mainil-Varlet et al.
(296). We then added the score of each item to get a final score per mouse.
We used ten mice per group per time point postsurgery, and we analyzed
six slices per animal. Thus, for each group at each time point in Figure 1, each
point represents the means of six values, and the mean of the group is the

mean of sixty values.

4.6. Immunohistochemistry

We conducted a classical immunohistochemical staining protocol for the
knee sections adjacent to those used for the Modified Mankin score. Briefly,
the sections were incubated with Proteinase K (1/100 in Tris-EDTA pH 8.0,
Roche) during 20min at 37°C to unmask the ECM antigenes. Primary
antibodies were: Anti-HYAL1 antibody (Hyaluronidase 1; 1mg/ml; Abcam,
ab203293), Anti-HYAL2 antibody (Hyaluronidase 2; 1mg/ml; Abcam,
ab68608), Anti-MMP13 antibody (Matrix metalloproteinase 13; 1mg/ml;
Abcam, ab39012), Anti-Hyaluronan synthase 2 antibody (1mg/ml; Abcam,
ab199794), Anti-ADAMTSS antibody (A disintegrin and metalloproteinase
with thrombospondin motifs 5; 1mg/ml; Abcam, ab41037), Anti-Collagen Il
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antibody (1mg/ml; Abcam, ab34712), Spam1 Antiserum (Department of
Biological Sciences, University of Delaware, Newark, DE19716). We used
EnVision+ System — HRP (Dako, Carpinteria, CA, USA) as a secondary
antibody and DAB peroxidase substrate kit (Vector — Burlingame, CA, USA)
for the revelation. In control sections, we used the second antibody without
the primary antibody. The slide scanner Leica SCN400 from Meyer
Instruments Inc [Houston, Texas, USA] States of America) analyzed the
sections. Two blinded observers evaluated each slide independently. We
calculated the immunoreactive score [IRS] as the percentage of positive cells
* staining intensity (297), the two parameters being measured by using Leica

SCN400.

4.7. Statistics.

We present the results as mean t 95% confidence interval unless stated
otherwise. We used GraphPad Prism version 8.0.0 for Windows, GraphPad
Software [San Diego, CA, USA]. Unpaired two-tailed t-test compared the
means at the different experimental times. F test compared variances. A p-

value < 0.05 was set for statistical significance.

4.8. Study approval.

All animal procedures were performed with prior approval from the ethics
committee for animal research of the Université Catholique de Louvain
(UCLouvain agreement # 2014/UCL/MD/021). We followed the processes

required by the Belgian federal law for the management and care of animals.
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The mice were kept under controlled light (light 7 a.m. to 7 p.m., dark 7 p.m.
to 7 a.m.), temperature (21 * 2°C) and humidity (55 + 10%) conditions. They
had free access to water and were fed ad libitum on Rodent Laboratory

Chow. The use of sevoflurane inhalation euthanized the mice.
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1. Abstract

The severity of naturally occurring osteoarthritis [OA] during aging is quite lower in
Spam1KO mice compared to wild [WT]. To evaluate the pathophysiological
relevance of this in vivo observation, we used the in vitro model of immature
murine articular chondrocytes [IMAC] in primary culture. We cultured
chondrocytes and osteoblasts with and without IL-13+TNF-a, and we explored
biochemical, morphological, and functional differences between the two
genotypes.

Methods: We characterized the phenotype of chondrocytes and osteoblasts, and
we examined several biochemical and functional features such as the levels of
enzymes involved in the synthesis and degradation of the extracellular matrix.
Results: Our study highlights that, both, chondrocytes and osteoblasts express
Spam1 and that the stimulation by IL-13 and TNF-a enhanced the production of
Spaml by 50-55% in WT chondrocytes and by 45-50% in WT osteoblasts.
Chondrocytes of both genotypes exhibited a similar level of synthesis expression
for Hyall, Hyal2, and HAS2. Stimulation of WT cells with IL-13 and TNF-a increased
their levels of Hyall and Hyal2 and decreased their production of HAS2. Conversely,
in Spam1KO cells, the two cytokines did not affect levels of Hyall and HAS2 and
decreased levels of Hyal2. IL-1 and TNF-a enhanced the synthesis of MMP13 in
both genotypes, but levels were 3-4 times lower in Spam1KO cells compared to WT.
IL-1B and TNF-a increased the production of the aggrecanase ADAMSTS5 in WT cells
and unaffected levels of ADAMSTS5 in spam1 cells.
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2. Introduction

Hyaluronan [HA] is a linear covalent polymer of disaccharide units of N-
acetyl-glucosamine and D-glucuronic acid [B-1,3-GlcNac- B-1,4-GlIcA] and its
molecular mass [MM] is usually higher than 1 million Da (63, 264, 298). HA,
not only hydrates and gives turgor to the tissues, but also has a crucial
impact on the structure and function of the extracellular matrix [ECM] at
both cellular and tissue levels (63, 251, 252). First, HA interacts with
versicans, CD-44, other transmembrane proteins, and hyaladherins to form
a specialized matrix around the cells. The pericellular matrix [PM] protects
the cells from physical loads, initiates signaling pathways, and regulates the
cell phenotype (253, 254). The interactions CD44-HA and Toll-like receptors-
HA are essential for tissue homeostasis (254). While high MM HA is anabolic
(255-258), low MM HA is catabolic (119, 259, 261). Beyond the PM, HA
interacts with many matrix molecules to form the complex extracellular
matrix [ECM], which brings physical scaffolding to the cells and initiates
biochemical and biomechanical cues for tissue differentiation, growth, and
homeostasis (36, 251, 299). In articular cartilage ECM, a single HA molecule
binds much viscoelastic aggrecan |AGC] molecules to form AGC aggregates
of sufficient size to be firmly entrapped within the collagen network.
Aggregation provides compressive resilience and protects the subchondral
bone (104, 262).

The balance between HA synthesis and degradation is a prerequisite for the

maintenance of matrix structural integrity. Mammalian cells have three HA
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synthases, which differ in their rates of synthesis and the average sizes of
the resulting HA polymers (42). HAS2 synthesizes very high MM HA [> 4
MDa], whereas HAS3 and HAS1 synthesize smaller polydisperse chains with
an average MM of 0.8 and 1 MDa, respectively (42, 254). Most somatic cells
express hyaluronidases [Hyals] 1, 2, and 3 (56, 63). Hyall is an acid-active
soluble enzyme, whereas Hyal2 has a broader optimum pH range and is a
glycosylphosphatidylinositol-[GPI]-anchored protein at the cell surface and
in lysosomes (56). Hyall yields tetrasaccharides in contrast to Hyal2 that
yields 20 kDa products [50 disaccharides]. Hyal3 is unlikely to play a
significant role in HA constitutive degradation as Hyal3-deficient mice are
fertile with no HA accumulation (77, 287). Hyal4 is a GPl-anchored
chondroitin sulfate-specific hydrolase lacking hyaluronidase [Hyal] activity
(278).

Initially discovered in sperm and since found in kidneys, placenta, and cancer
cell lines, Spam1 is a GPl-anchored Hyal active at both acid and neutral pH
that enables the sperm to penetrate the HA-rich cumulus oophorus
surrounding the oocyte (56, 81, 82). Dermal fibroblasts, synoviocytes, and
chondrocytes also express Spaml and up-regulate its production upon
stimulation with IL-1 (64). Spam1 is the most active mammalian sperm Hyal
and can degrade HA molecules of any size into tetrasaccharides (286). In pigs
and humans, Spam1 alone can disperse the oocyte-cumulus complex (300).
Mice express Hyal5 and Hyalp1, two additional neutral-active Hyals, that
cooperate with Spam1 to degrade the HA-rich cumulus oophorus (272-274,
286).
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Fully differentiated chondrocytes account for the homeostasis of healthy
adult cartilage. By contrast, in osteoarthritis [OA], the most common joint
disease, chondrocytes exhibit phenotypic instability and shift toward a
degenerative and hypertrophy-like state involving abnormal matrix
production and increased activities of aggrecan- and collagen-degrading
enzymes (241, 301, 302). IL-1 and TNF-a are the predominant pro-
inflammatory cytokines involved in disease initiation and progression. As
chondrocytes up-regulate their expression of Spam1 upon stimulation of II-
1B (64) and as IL-1 and TNF-a are involved in OA disease initiation and
progression (241), we hypothesized that the enhanced production of Spam1
could contribute to the apparent irreversibility of the OA. Cartilage
specimens indeed exhibit a reduced content in HA whether incubated with
IL-1a (303), sampled at the time of orthopedic prosthesis (304), or obtained
from canine knees after ACLT (263, 305). There must be an increase in the
rate of HA degradation, as compared to healthy controls, sampled OA
specimens exhibit an increased rate of HA biosynthesis (269, 306). Although
free radicals also degrade HA (270), this point is worth investigating since
the cleavage of HA molecules destroys AGC aggregates and jeopardizes
cartilage tissue strength

To test our hypothesis, we used the model of immature murine articular
chondrocyte [IMAC] in primary culture (307). Cells were isolated from the
knee joint of healthy newborn WT mice and Spam1KO newborn mice, and
we evaluated the effects of the catabolic cytokines IL-1 and TNF-a on the

expression of parameters of HA metabolism and cartilage matrix
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remodeling. Knockout mice indeed display the consequence of their
inactivated gene on the structure and function of body tissues, and
functional and molecular parameters can be measured readily in mice (307).
Data suggest that Spam1 activity might be an essential player in the control

of cartilage matrix turnover.

3. Materials and methods

3.1. Subjects

We conducted this prospective study with prior approval from the
Université Catholique de Louvain Committee for Animal Resources
(UCLouvain agreement # 2014/UCL/MD/021 and 2020/UCL/MD/01).
Subjects were healthy WT PH-20/Spam1(*/*) CD1mice [Janvier laboratories,
Le Genest-Saint-Isle, France], and PH-20/Spam1(7") null [knockout, KO] mice
maintained on a CD1 background. We applied the Best Practice Guidelines
for mouse experimentation (308, 309), and we reduced the number of mice
used per experiment for as long as the cohort sizes provided sufficient
statistical power. As the habitat, husbandry conditions, and animal
microbiome may impact experimental results (309, 310), we housed the
mice used herein in the same room. All mice also had the same husbandry
conditions as controlled light (light 7 a.m. to 7 p.m., dark 7 p.m. to 7 a.m.),
temperature (21 + 2°C), and humidity (55 * 10%). They had free access to

water and were fed ad libitum on Rodent Laboratory Chow.
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3.2. Generation of PH-20/Spam1 KO mice

The Riken BRC provided mouse sperm lacking hyaluronidase PH-20
through the National Bio-Resource Project of the MEXT, Japan. ICR; 129S52-
Spaml1<tm1Tbha> mice are sperm donors. They carry a disruptive null
mutation in their PH-20 gene, a neomycin-resistance expression cassette (E.
coli) replacing a part of exon two that codes for the hyaluronidase domain
of the enzyme (311). We directly added the PH-20 KO sperm to the oviduct
of WT CD1 females after breeding with a sterilized male. Because
hyaluronidase-5, but not PH-20, is the sperm enzyme critical for degrading
the hyaluronan coat surrounding the eggs (273, 311), the inseminated CD1
females became pregnant and gave birth to heterozygous PH-20/Spam1(+/-
) mice. By crossing the PH-20 (+/-) heterozygotes to each other, we
generated mice harboring either two WT PH-20 alleles ([PH+20(+/+)], two
null mutated PH-20 alleles [PH-20(-/-)], or one WT PH-20(+) allele plus one
null mutated PH-20(-) allele. The WT and PH-20 null-mutated KO alleles were
identified by PCR amplification of tail genomic DNA using MHA3 (5'-
TTGAAGTCCAATCGACAAG-CT-3'), MHA16 (5'-
GGTATTCAGAGGTACGATCAG-3'), and IL3 NEO (5'-TGATCTGGACGAAGAGC-
ATCA-3') as primers. PAGE analyzed the amplified DNA products. DNA
fragments with a 500 bp size originated from the KO allele and those with a

145 bp size from the WT allele.
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3.3. Isolation, culture, and phenotyping of immature articular

chondrocytes
As the small cartilage explants were relatively scarce, challenging
to handle, and to aliquot in similar amounts in culture dishes, we

opted for cell cultures. We followed the procedure reported by Salvat et
al. (2005) to obtain immature murine articular chondrocytes [IMAC] (307).
Five-day-old neonatal WT and Spam1KO mice were euthanized by
decapitation. The body was placed in the face-down position to ease the
removal of the skin and soft tissues. We isolated the femoral heads, femoral
condyles, and tibial plateaus before sampling articular cartilage specimens
that were, as far as possible, cleaned off soft tissues such as menisci,
ligaments, and intra-articular fat. We then incubated cartilage specimens at
37°C and 5% CO2 with collagenase D [3mg/ml] for two rounds of one hour
each. The reaction buffer was Dulbecco’s Modified Eagle’s Medium
supplemented with 2mM L-Glutamine, 0.01ml/ml penicillin, and 5,000U/ml
streptomycin. After each of the two incubation rounds, the cartilage tissue
specimens were agitated to detach soft tissues from the cartilage pieces.
When all soft tissues were released free of cartilage into the culture
medium, we incubated the cartilage specimens with collagenase D [3mg/ml]
for a third-round overnight at 37°C and 5% CO2. The isolated chondrocytes
were filtered through a sterile 70-um nylon mesh before centrifugation for
10 min at 1500rpm. The cells were then suspended in a 5ml culture medium
supplemented with 10% FBS and counted. We obtained an average of 1.10°

chondrocytes per mouse, whatever its genotype.
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We seeded IMACs on a culture plate at a density of 8 x 103 cells/cm?, and
cells reached confluence by day 7 [Stage PO]. Cells were then subcultured on
new culture dishes to reach confluence at 6-8 days later. It is at this stage,
termed P1, that we characterized the phenotype and functions of IMACs.
For immunofluorescence, cells were fixed in 4% paraformaldehyde before
incubating with the primary antibody. For Alcian blue staining, cells were
fixed in 4% glutaraldehyde for 15 min and washed in 0.1N HCl before staining
with 1% Alcian blue.

At the end of experiments conducted with pro-inflammatory cytokines,
stimulated and unstimulated cells were first rinsed in PBS before lysis using
radioimmunoprecipitation assay (RIPA) buffer. We then stored lyzed
specimens at -80°C until western blotting. Protein concentration was

measured using the BCA Protein Assay kit (Millipore).

3.4. Isolation and culture of osteoblasts

We isolated primary osteoblasts from adult mouse long bones following
previously described procedures (312, 313). Each cellular preparation
required either 3 WT mice or 3 Spam1KO mice. Humeri, femurs, and tibias
are collected and trimmed of muscles and soft tissues. We cut diaphyses into
pieces of approximately two mm3, and we washed the bone pieces several
times with PBS to remove bone marrow. We then incubate the diaphyseal
pieces with collagenase Il in DMEM [2mg collagenase Il par ml DMEM] for

two hours at 37°C in a shaking water bath.
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At the end of incubation, we rinse diaphyseal bone pieces three times in
the sDMEM culture medium supplemented with 10% FBS, 0.01ml/ml
penicillin, and 5,000U/ml streptomycin before transferring them in 25cm?
flasks containing 6ml of culture medium. The culture medium is changed
every three days for 15-18 days. When cells are confluent [stage PO], we
remove bone pieces and pass the cells to T75 flasks containing DMEM. The
culture medium is changed every three days, and cells reached
subconfluency after 9 to 12 days [stage P1]. As reported by Taylor (2014),
osteoblasts deposit a collagen matrix that becomes mineralized after about
two weeks (313). We fix osteoblast layers with 2.5% glutaraldehyde for
alizarin red staining to detect calcium. Osteoblast layers are fixed with 70%
ethanol before collagen staining with Sirius red. Alkaline phosphatase
activity is detected using the AP staining kit from System Biosciences (Palo
Alto, Ca, USA).

We conduct the functional characterization of osteoblasts when cells are
confluent at the stage P1. We herein only report the changes in Spam1l
production upon stimulation of osteoblasts with the pro-inflammatory
cytokines IL-1B and TNF-a for 24 and 48 hours. Before cytokine stimulation,
we starve the osteoblasts for 24 hours (culture medium without FBS). During
stimulation, we change every 24 hours the culture medium containing IL-1
and TNF-a [10 ng/ml, each] and lacking FBS. At the end of stimulation, cells
are rinsed with sterile phosphate-buffered saline (PBS), lysed with
radioimmunoprecipitation assay (RIPA) buffer, and stored at -80°C until

western blotting. We assess protein concentrations using the Bicinchoninic
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Acid Protein Assay Kit from Pierce. We set the cytokine concentration at 10
ng/ml after pilot studies documenting a reproducible and robust cell
response in terms of PGE2 and NO2 release in cell supernatants as previously

reported (307). Studies have used similar concentrations (259).

3.5. Immunoblot Analysis-Western Blotting

Chondrocytes were suspended in RIPA lysis buffer. BCA Protein Assay kit
(Millipore) assessed the protein concentration of each sample according to
the manufacturer’s protocol. We loaded ten pg of proteins per well, and the
samples migrated under a voltage of 120V. After migration, proteins were
transferred onto a nitrocellulose membrane with a constant amperage of
350 mA for 90 minutes. We then incubated the membranes in a TBS-Tween
blocking solution containing 5% BSA for one hour at room temperature
before incubating the membrane overnight at 4°C in TBS-Tween buffer
containing 5% BSA and a primary antibody.

We used the following primary antibodies: anti-HYAL1 (Hyaluronidase 1;
1mg/ml; Abcam, ab203293); anti-HYAL2 (Hyaluronidase 2; 1mg/ml; Abcam,
ab68608); anti-MMP13 (Matrix MetalloProteinase 13; 1mg/ml; Abcam,
ab39012); anti-Hyaluronan synthase 2 (1mg/ml; Abcam, ab199794); anti-
ADAMTS-5 (A Disintegrin And Metalloproteinase with Thrombospondin
motifs 5; 1mg/ml; Abcam, ab41037); anti-Collagen | (1mg/ml; Abcam,
ab34710); anti-Collagen Il (1mg/ml; Abcam, ab34712); and a Spaml
antiserum, generous gift of the Department of Biological Sciences, University

of Delaware, Newark, DE19716.
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Membranes were washed in TBS-Tween and incubated with the
peroxidase-conjugated antibody for 60 minutes at room temperature.
Membranes were developed by enhanced chemiluminescence (ECL,
Amersham) on CL-Xposure films (Thermo Scientific). We scanned films and
semi-quantified protein bands by densitometry using Imagel software
(National Institutes of Health). Levels of proteins of interest were normalized
to the values of glyceraldehyde-3-phosphate dehydrogenase [GAPDH], a
housekeeping protein. We used the levels of total proteins to normalize the

levels of phosphorylated proteins.

3.6. Immunofluorescence

We fixed plated cells using 4% paraformaldehyde for 10 min at room
temperature. Then, we flushed cells three times with PBS for 3 min, and one
time with PBS containing 0.1% saponin for 3 min, and one time with PBS
containing 0.1% saponin and 5% BSA for one hour at room temperature.
Then after, we incubated the cells overnight at 4°C with the primary
antibody diluted in PBS containing 0.1% saponin and 1% BSA. Cells were then
flushed three times for 3 min in PBS containing 0.1% saponin before
incubating them for 1 hour at room temperature with the secondary
antibody diluted in PBS containing 0.1% saponin and 1% BSA. After the
incubation, we flushed the cells with PBS containing 0.1% saponin. We then
incubated the cells for 5 min at room temperature with DAPI [1/10.000 in

PBS]. After the last flush with PBS, we mounted cells on histological slides.
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3.7. Statistics
Data are expressed as mean + SD unless stated otherwise and were analyzed
using GraphPad Prism version 8.0 for Windows, GraphPad Software, San

Diego, California USA, www.graphpad.com. ANOVA with post-test Tukey

compared means at the different experimental times. We used the F test to

compare variances. A p-value < 0.05 was set for statistical significance.

4. Results

4.1. Cells isolated from cartilage have a chondrocyte phenotype

The immature murine articular chondrocytes [IMACs] were isolated from
the hip and knee cartilage of both 5-day-old healthy WT mice and PH-20-
Spam1KO mice. The cells plated on culture dishes at stage P1 exhibited the
rounded morphology of chondrocytes. Previous works report that articular
chondrocytes rapidly lose their differentiated phenotype upon prolonged
monolayer culturing on plastic and repeated passages (312, 314, 315). The
dedifferentiation occurs with the loss of type Il collagen and aggrecan
synthesis and the production of type | collagen. Thus, we used Alcian blue
staining and immunofluorescence with anti-collagen antibodies to
characterize the phenotype of WT and Spam1KO IMACs. Alcian blue stained
their intercellular matrix, demonstrating the presence of proteoglycans.
Immunohistochemistry revealed highly expressed type Il collagen in both

Spam1KO and WT cells [Figure 1, upper panel, C & D]. By contrast,
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immunoreactivity for type | collagen was exceedingly scarce in cells whose
genotype was either WT or Spam1KO [upper panels, A & B].

Earlier work shows that the negative impact of IL-1B on type Il collagen
expression and the positive impact of IL-1B on inducible nitric oxide
synthetase [iINOS] depend upon the expression of the differentiated
chondrocyte phenotype (301, 316). Therefore, to assess the functional
integrity of primary cells (307), we evaluated their ability to enhance iNOS
synthesis and to reduce their production of type Il collagen in the presence
of IL-18 and TNF-a [10 ng/ml each]. After 24 hours of culture and as
compared to primary cells incubated without cytokines, the ratio of iNOS
protein to GAPDH increased seven times with IL-1pB, three times with TNF-a,
and thirteen with IL-1B plus TNF-a. Further, incubation with IL-1B and TNFa
for 24 hours reduced the production of type Il collagen by 67% in WT cells
and by 50% in Spam1-KO cells [p =0.0045; Figure 1, lower panel]. The
decrease became higher after 48 hours, with -96% for WT cells and -90% for
Spam1-KO cells [p =0.0004]. Thus, the negative impact of IL-18 and TNF-a on
type Il collagen production was observed in both genotypes but was more
substantial in WT IMACs than in Spam1KO IMACs. The WT and Spam1KO
IMACs at stage P1 had kept their differentiated phenotype. Therefore,
IMACs were well-suited to assessing the impact of Spaml loss on

chondrocyte metabolism.
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Figure 1. The phenotype of primary chondrocytes

Upper panel. Immunostaining [green] with an anti-type | collagen antibody [A & B] and an
anti-type Il collagen antibody [C & D] of stage P1 cells harvested from the articular cartilage
of 5-days-old WT [A & C] and Spam1KO [B & D] mice. In A & B, the expression of type |
collagen is scarce. In C & D, there is a marked expression of type Il collagen [intense green
color].

Lower panel. WT and Spam1KO cartilage cells were incubated with IL-1B plus TNF-a [10
ng/ml, each] for 24 and 48 hours. Immunoblots evaluated type Il collagen and
glyceraldehyde-3-phosphate dehydrogenase [GAPDH] protein levels of cell lysates. **:
p<0.01; ***: p<0.0001 by ANOVA. Genotype accounted for 88% of the total variance.
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4.2. Cells isolated from long bone diaphysis have an osteoblast phenotype

Immature cells isolated from the diaphysis of long bones and cultured on
plastic are likely osteoblastic. They have an ovoidal shape and form a matrix
stained with Picrosirius red and thus containing fibril-forming collagen type
| and type lll, two major structural components of the bone matrix (317).
Cells can calcify the bone matrix as it becomes stained with alizarin red to
demonstrate the presence of calcium.

As Spaml and chondrocytes are the main topics of this paper, the
functional phenotype of immature osteoblasts was limited to their

production of the protein Spam1.

4.3. Pro-inflammatory cytokines and Spaml production by immature
chondrocytes and osteoblasts.

In an earlier study, we showed that IL-18 enhanced Spam1 synthesis in
human chondrosarcoma cells and mature human chondrocytes at the P2 -3
stages (64). In the present study, we examined the ability of immature
murine WT articular chondrocytes and WT osteoblasts at the P1 stage to
produce Spaml in response to stimulation with IL-1B and TNF-a. We
incubated cells with or without IL-1f and TNF-a (10 ng/ml each) for 24 and
48 hours, and we measured the expression of Spam1 protein [Figure 2].
Immunoblots of cell lysates revealed a specific signal for Spaml in the

protein preparations from unstimulated WT chondrocytes and WT
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osteoblasts at 24 hours. In the presence of IL-1 and TNF-a, WT
chondrocytes enhanced the expression of Spam1 by 52% at 24 hours and by
55% at 48 hours [1.52 £ 0.14 and 1.55 + 0.25, respectively; p <0.001 each].
Cytokine-stimulated WT osteoblasts also increased Spam1 synthesis by 24%
after 24 hours [1.24 £ 0.22; p = 0.0106] and by 46% after 48 hours [1.46 +
0.19; p<0.0001]. Levels obtained at 48 hours were higher than those
obtained at 24 hours [p=0.0368].

The amount of Spam1 detected in Spam1KO cells was less than 5% that
found in WT cells [Figure 2]. The addition of IL-18 and TNF-a to Spam1KO
cell cultures did not induce Spam1 expression in both Spam1KO immature

chondrocytes and osteoblasts.
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Figure 2. Production of Spam1 by primary chondrocytes and osteoblasts

Primary articular cartilage chondrocytes [stage P1] and primary osteoblasts [stage P1]
isolated from WT [blue columns] and Spam1KO [red columns] mice were cultured with [+]
or without [0] 10 ng/ml IL-1B and TNF-a [10 ng/ml each] for 24 and 48 hours. Immunoblots
evaluated Spam1 and glyceraldehyde-3-phosphate dehydrogenase [GAPDH] protein levels
[representative image between the 2 bar graphs]. In Spam1KO cells, levels of Spam1 were
scarce, and IL-1B and TNF-a did not affect Spam1 production in both chondrocytes and
osteoblasts. By contrast, in WT chondrocytes, IL-1B and TNF-a increased Spam1 production
by 52% at 24 hours, and by 55% at 48 hours. In WT osteoblasts, the two cytokines enhanced
Spam1 production by 24% at 24 hours, and by 46% at 48 hours. *: p<0.05; **: p<0.01; ***:
p<0.001 by ANOVA. Genotype accounted for 91% of the total variance.
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4.4. Immature murine articular chondrocytes and other hyaluronidases

Mature murine, bovine, and human chondrocytes produce the
hyaluronidases [Hyals] Hyall, Hyal2, and Hyal3 (31, 63, 254). The three Hyals
share several structural parameters with Spam1. They all have uniform
amino acid lengths and exhibit a conserved domain representing 63-75% of
their amino acids. Also, Spaml and Hyal2 have a
glycosylphosphatidylinositol [GPI] membrane attachment site. These similar
features prompted us to test whether immature WT and Spam1KO
chondrocytes produce the three Hyals in the presence and absence of pro-
inflammatory cytokines and Spam1.

We first measured the expression of Hyall proteins. Immunostaining
detected Hyall in both WT and Spam1KO chondrocytes at 48 hours [Figure
3 upper left panel]. Immunoblots also revealed its signal at both 24 and 48
hours [Figure 3 upper right panel]. IL-1B and TNF-a increased the Hyall
protein levels of WT cells by 61% at 24 hours and by 69% at 48 hours
[p<0.001 each]. In contrast, after IL-1B and TNF-a exposure, there was no
change in the Hyall protein content of Spam1KO cells.

Next, we assessed the expression of Hyal2 protein. Immunofluorescence
was positive for Hyal2 in both cell lines after a 48 hours culture [Figure 3
middle left panel].

Earlier, at 24 hours, there was no difference in Hyal2 protein levels between
WT and Spam1KO cells, whether incubated with cytokines or the vehicle.

Further, after 48-hour incubation with IL-1B and TNF-a, the protein levels of
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Hyal 2 were increased by 34% in WT cells [p=0.035] and decreased by 34%
in Spam1KO cells [p=0.05].

Whether vehicle-treated or cytokine-treated, WT and SpamlKO
chondrocytes did not differ in their expression of Hyal3 at both 24 and 48

hours [Not shown].

4.5. Immature murine articular chondrocytes and hyaluronan synthase 2
[HAS2]

There are three related but distinct forms of hyaluronan synthases [HAS1,
HAS2, and HAS3]. They all synthesize HA molecules, but of different sizes and
at different rates. Mature bovine chondrocytes cultured in monolayers
express mRNA for HAS2 and HAS3. By contrast, monolayer cultures of
immature bovine chondrocytes display HAS2 mRNA but virtually no mRNA
for both HAS1 and HAS3 (318). Thus, herein, we investigated only the
expression of HAS2 in monolayer cultures of immature chondrocytes
isolated from WT and Spam1KO mice. Also, as compared to other HAS, HAS2
synthesizes the most massive HA molecules and plays an essential role in
producing HA necessary for the organization and retention of the
pericellular matrix (31, 45, 104).

As shown in Figure 3, lower panel, the incubation of immature WT and
Spam1KO cells with IL-1B and TNF-a decreased the production of HAS2
protein levels in WT cells by 42% at 24 hours [p<0.0001] and by 40% at 48
hours [p=0.0002]. Conversely, the two cytokines did not change the

expression of HAS2 in Spam1KO cells significantly [Figure 3, lower panel].
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Figure 3. Primary articular chondrocytes and production of Hyall, Hyal2, and HAS2
Primary articular cartilage chondrocytes [stage P1] isolated from WT [open and closed blue
columns] and Spam1KO [open and closed red columns] mice were cultured without [Veh]

116



or with [Cyt] 10 ng/ml IL-1B and TNF-a [10 ng/ml each] for 24 and 48 hours. We evaluated
protein levels of Hyall, Hyal2, and HAS2 by immunoblots. Levels of glyceraldehyde-3-
phosphate dehydrogenase [GAPDH] were used as a reference for normalization.
Immunofluorescence were performerd on cells to observe the expression of Hyall, Hyal2,
HAS2.

Upper panel: cytokines increased levels of Hyall by 61% at 24 hours and by 69% at 48 hours
in WT cells but did not affect Hyall levels in Spam1KO cells.

Middle panel: at 48 hours, cytokines enhanced Hyal2 levels by 34% in WT cells and
decreased Hyal2 levels by 34% in Spam1KO cells.

Lower panel: cytokines decreased the levels of HAS2 by 42% at 24 hours and by 40% at 48
hours in WT cells but did not affect HAS2 levels significantly in Spam1KO cells. The decrease
of 22% observed at 48 in stimulated Spam1KO was at the limit of significance with p=0.0534.
*. p<0.05; **: p<0.01; ***: p<0.001 by ANOVA. The impact of genotype for the total
variance was 75% for Hyal1, 34% for Hyal2, and 62% for HAS2.

4.6. Immature murine articular chondrocytes and cartilage degrading
enzymes

The two main structural elements of articular cartilage are type Il collagen
and aggrecan. In osteoarthritis, pro-inflammatory cytokines up-regulate the
chondrocyte expression of two rate-limiting enzymes in the process of
cartilage degradation, namely the collagenase Mmp-13 and the aggrecanase
ADAMTS-5 (241, 319, 320).

In the present study, we examined the ability of immature WT and
Spam1KO immature chondrocytes [P1] to produce Mmp-13 and ADAMTS-5
in the presence of IL-1p and TNF-a stimulation. In vehicle-treated monolayer
cultures, there was no difference in levels of expressed Mmp-13 between
WT and Spam1KO cells both at 24 and 48 hours [Figure 4, upper panel, open
colums]. IL-1B and TNF-a induced a significant increase in Mmp-13 synthesis
in both genotypes and at the two study time points [upper panel, closed

columns]. At 24 hours, levels of Mmp-13 were increased by 354% in WT cells
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and by 93% in Spam1KO cells [p<0.0001, each]. Likewise, at 48 hours, Mmp-
13 levels were enhanced by 454% in WT cells and by 135% in Spam1KO cells
[P<0.0001, each]. As compared to WT cells, the relative increase in Spam1KO
cells was 3.8 times lower at 24 hours and 3.4 times lower at 48 hours.

As observed for Mmp-13, levels of ADAMTS-5 in vehicle-treated monolayer
cultures were similar in both genotypes at the two study time points [Figure
4, lower panel, open columns]. Chondrocyte exposure to IL-13 and TNF-a for
24 hours increased the production of ADAMTS-5 significantly in WT cells
[p=0.0395] but not in Spam1KO cells [lower panel, closed columns]. In WT
cells cultured for 48 hours, the difference in ADAMTS-5 levels between
cytokine-treated and vehicle-treated cells was at the limit of the statistically
significant difference [p=0.0535]. There was no difference in ADAMTS-5
levels between cytokine-treated and vehicle-treated Spam1KO cells cultured

for 24 and 48 hours.
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WT and SPAM1KO chondrocytes:

effects of IL-1p and TNF-a on the
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Figure 4. Primary articular chondrocytes and production of MMP-13 and ADAMTS-5.
Primary articular cartilage chondrocytes [stage P1] isolated from WT [open and closed blue
columns] and Spam1KO [open and closed red columns] mice were cultured without [Veh]
or with [Cyto] 10 ng/ml IL-1B and TNF-a [10 ng/ml each] for 24 and 48 hours. Immunoblots
evaluated levels of MMP-13 and ADAMTS-5. Levels of glyceraldehyde-3-phosphate
dehydrogenase [GAPDH] were used as a reference for normalization.

Upper panel: Vehicle-treated WT and Spam1KO cells had similar levels of MMP-13 at 24
and 48 hours. Pro-inflammatory cytokines increased levels of MMP-13 markedly in both
genotypes and at the two study time points. The relative increase was higher in WT cells
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than in Spam1KO cells at both 24 hours [+354% versus +93%, respectively] and 48 hours
[+454% versus 135%, respectively].

Lower panel: cytokines enhanced the levels of ADAMTS-5 by 23% at 24 hours [p=0.0395]
and by 21% at 48 hours [p=0.0535] in WT cells but did not affect ADAMTS-5 levels
significantly in Spam1KO cells; *: p<0.05; **: p<0.01; ***: p<0.001 by ANOVA. The impact
of genotype for the total variance was 92% for MMP-13 and 33% for ADAMTS-5.
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5. Discussion

Transgenic mice have revolutionized our approach to study gene functions.
A null mutation in the SPAM1/PH-20 gene was initially created to assess this
neutral-active hyaluronidase's role during the penetration of sperm through
the HA-rich cumulus cell layer (311). Unexpectedly, mice carrying the null
mutation were fertile as their sperm contain HYALS5, one further neutral-
active hyaluronidase [HYAL] (249, 273). As chondrocytes and synoviocytes
also express SPAM1 (64), we herein used chondrocytes sampled from wild
control cartilage mice and SPAM1-KO mice to address the potential impact
of the HYAL on the expression of enzymes implicated in significant joint
components turnover. We selected HA synthases, HYAL2, the aggrecanase
ADAMTS-5, and the collagenase MMP-13. The presence of the
proinflammatory cytokines IL-1B and TNF-a reproduced arthritic conditions.
Because there are genetic, physiological, and environmental differences
between mice and humans, extrapolating mouse study results in human
diseases is not always straightforward. Nevertheless, researchers readily
have access to many genetically-modified mouse strains, specific murine
antibodies, and probes to unravel many diseases' pathophysiology and
identify new therapeutic targets. Recently, combining mouse and human
genetic data uncovered a new gene regulating cholesterol (321).
Furthermore, the murine model used herein provides millions of primary
cells readily subjected to biochemical and molecular biology procedures. It
might seem strange that we used immature articular chondrocytes instead

of the well-referenced cartilage explant culture system (322), but we
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couldn't do otherwise to obtain seven samples per experimental data point!
Indeed, we restricted articular cartilage sampling of 5-day-old mice to tibial
plateaus, femoral heads, and femoral condyles while avoiding rib and
appendicular bone growth plates. Harvested explants were small, scarce,
and challenging to handle. Cartilage samples were also inhomogeneous: full-
thickness specimens were uncommon, and most specimens were a mixture
of superficial, superficial-mid, and mid-deep cartilage layers. Further,
Spam1KO mice have low birth rates, and legal grounds prohibited us from
using as many mice as we wanted to do. There is no perfect model for in
vitro studies. Even cartilage explants are relatively stable for up to ten days,
provided the two first days allow the explants to equilibrate (323). After ten
days of culture, the cartilage's collagen fibers begin to degrade, and the
cartilage could degenerate. Chondrocytes and osteoblasts remained fully
differentiated during the duration of the study. Each cell line exhibited its
expected morphology and expressed its predicted collagen type and matrix.
Also, chondrocytes enhanced their expression of NO in response to IL-1 and
TNF-a, whereas dedifferentiated chondrocytes do not (307, 316, 324). Thus,
immortalized lines of chondrocytes and osteoblasts were not useful. This
point is a real advantage, as there are marked differences between primary
cell lines and immortalized ones (325, 326).

The enhanced production of SPAM1 by osteoblasts in the presence of
inflammatory cytokines is a new finding. Its relevance remains speculative
as the roles of bone endogenous HA synthesis and degradation begins to be

defined.
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In  vitro studies indicate that high MM HA down-regulates
osteoclastogenesis (118) and increases osteoblast proliferation and
mineralization, whereas low HA increases proliferation and promotes
osteoclastic bone resorption (327). As reviewed by Bastow et al., changes in
bone HA content, synthesis, retention, and release, in several bone cell
types, disease states, and dietary conditions are intimately associated with
the control of bone remodeling (31). HA drives osteoclast differentiation
through CD44 to increase RANKL in bone marrow stromal cells (328).
Isolated osteoblasts synthesize and release HA, the level of release
depending upon their origin within the bone and osteogenic stimuli (329,
330).

The IL-1 and TNa induced production of SPAM1 by chondrocytes has been
previously reported (64). Up-regulated PH-20 activity at neutral pH may be
very deleterious to cartilage matrix, as few cleavages along the central HA
backbone of aggregates reduce their viscoelastic properties dramatically.
Also, SPAM1 produces HA fragments of various sizes, including HA
hexasaccharides that are competitive inhibitors of the binding of hyaluronan
to the chondrocyte CD44 surface receptor (331). Also, HA oligosaccharides
induce a dose-dependent state of chondrocytic chondrolysis (102), and
enhance matrix metalloproteinase 13 via transcriptional activation of
NFkappaB and p38 MAP kinase (332). Further, SPAM1 may be responsible
for the release of aggrecan ternary complexes made of aggrecans, link
protein, and HA from cartilage matrix upon stimulation with retinoic acid, a

process that persists when cartilage explants are bathed AG3340 that inhibits
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collagenases, aggrecanase-1 and aggrecanase-2 (333). Because the loss of HA
from osteoarthritic cartilage explants occurs in spite of an up-regulation in HA
biosynthesis (269, 306), a likely explanation is that HA strands are being
degraded at an accelerated rate by a hyaluronidase active at near neutral
ph. Up-regulation of SPAM1 expression might also contribute to cartilage
matrix degradation in arthritides such as rheumatoid arthritis. Indeed,
cartilage explants incubated with catabolic stimuli exhibit concomitant
release of HA, link protein and aggrecan G1 fragments into media (259,

334, 335).

As previously reported (336), pro-inflammatory cytokines up-regulated the
expression of the lysosomal hyaluronidases Hyall and Hyal2 in WT
chondrocytes. Catabolic factors also enhance the expression of CD44, a cell
surface hyaluronan receptor involved in hyaluronan endocytosis (68).
Accordingly, small pericellular HA molecules free of aggrecan or complexed
to small aggrecan fragments could be internalized via CD44 receptors and
degraded intracellularly. Conversely, in SPAM1KO chondrocytes, IL1 and
TNF-a unaffected Hyall expression and decreased Hyal2 expression
suggesting that products of SPAM1 activity might trigger intracellular HA
breakdown. In WT cells, but not in Spam1KO cells, the concomitant
decrease in HAS2 and increase in both Hyall and Hyal2 might be
compelling. However, the small oligosaccharides produced by Spam1 might
inhibit HAS2 mRNA expression, as observed in a breast cancer cell line

(337).
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MMP-13 is more active against type Il collagen than other collagenases, and
the enzyme is predominantly responsible for collagen release from cartilage
in degenerative and inflammatory arthritides. IL-1 and TNF-a up-regulated
MMP-13 expression markedly in both WT and Spam1KO chondrocytes.
However, MMP-13 levels were significantly higher in WT chondrocytes
compared to Spam1KO. These data suggest that the inhibition of Spam1
expression reduced the levels of HA degradation products markedly and,
thereby, contributed to reducing TLR-4 and CD44 activation and MMP-13
production. Indeed, TNF-a and IL-1 induce the expression of several
mediators of the inflammatory reaction, including IL-6, inducible nitric oxide
synthase (iNOS), and small HA fragment production (338). The size of HA
molecules differently modulates toll-like receptors in mouse chondrocytes
(339). Treatment of RA synoviocytes with antioxidants and specific HYAL1,
HYAL2, and HYAL3 small interference RNA (siRNAs) significantly reduced
TLR-4 and CD44 increase in the mRNA expression and the related protein
synthesis, as well as the release of MMP-13 (338).

In conclusion, our in vitro study provides evidence that Spam1 activity might
contribute significantly to joint degradation in osteoarthritis and
inflammatory arthritides. The uncontrolled and up-regulated activity of the
soluble and neutral active hyaluronidase cleaves a significant organizer of
cartilage ECM and generate HA oligosaccharides of different sizes known to
mediate the expression of matrix-degrading enzymes and to change cell

behavior.
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Discussion

Our study highlights effects of Spam1 KO in spontaneous and induced OA
progression through in vivo and in vitro experiments. These data have to be
interpreted according to the OA models used, with their advantages and
limitations. Then, our results arouse interest about the potential role of
Spam1 in OA osteochondral unit disturbance, suggesting hypotheses about

its involvement in HA turnover.

Experimental models of osteoarthritis

Among many OA animal models, such as mouse, guinea pig, rabbit, dog, pig,
goat and horse, as reviewed by Bapat et al., mice present several
advantages: a rapid musculoskeletal growth, quick breeding and easy
housing (340). However, extrapolation of mice data to humans must take
some particularities into account, including lack in intracortical bone
remodeling, persistence of growth plate and differences in articular cartilage
between mice and humans, such as fewer layers of cells (Introduction, Figure
1), hypercellularity, higher matrix turnover and high speed of cartilage
defect progression in small species (340, 341). Nevertheless, mouse is the
most widely used animal in OA research with different experimental models
available such as spontaneous, surgical, chemical and non-invasive induced

ones.
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Spontaneous OA occurs during natural mouse ageing or in genetically

modified mouse strains.

- Naturally occurring OA is the simplest, constitutive model, requiring
no treatment. It mimics the progression of non-traumatic OA in
humans and enables researchers to study a completely natural onset
and progression of OA (340). However, this OA model is relatively
slow and does not ensure systematic OA development, speed of
onset and severity of the disease (341). This model was used in our
first study on the phenotype of Spam1”/ mice. It allowed us to
observe the first signs of osteoarthritis, i.e. a slight reduction in
matrix staining and some surface irregularities in cartilage, from the
30t week of age, and typical OA modifications of cartilage and
subchondral bone at 52 weeks. Despite this long observation time,
some mice of the Spam17-strain showed no sign of osteoarthritis at
52 weeks of age.

- Genetically modified mice are more predictable spontaneous OA
models. IL-67, Col2al”", Col9al”:, Hyall”-, Hyal2/-, HAS1/" strain
mice (60, 62, 268, 342-344) develop severe OA. On the contrary,
knockout of genes encoding ECM-degrading enzymes such as MMP-
13 or ADAMTS-5 generates mouse strains with less osteoarthritic
features than WT mice (206, 345). To our knowledge, no other study
has used Spam17/- mouse to identify a possible role of Spam1 in joint

pathophysiology.
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Surgical joint destabilization consists in transection of anterior cruciate

ligament (ACTL) and/or medial collateral ligaments, destabilization of the
medial meniscus (DMM) or meniscus resection and creation of
chondral/osteochondral defects (346-349). These methods lead to post-
traumatic OA (PTOA) whose characteristics mirror OA progression in
humans. They are challenging due to the necessary consistency of the
microsurgical performance across all animals, the high risk of infection and
the quickly developing OA (340). In order to ensure the reliability of our
model, one single trained operator performed all the surgical experiments,
under surgical microscopes and under extremely strict hygienic conditions.
The post-operative follow-up of the animals was carried out over one week.
The surgical procedure used in our experiment lead to early changes in the
subchondral bone, within the first 3 days. Spam1”/- and WT mice displayed
opposite subchondral bone reaction to this quickly increasing stress. A less
traumatic procedure would allow to properly analyze these early changes,
particularly with micro-CT 3D analysis of articular cartilage and subchondral
bone. Micro-CT combined with Hexabrix contrast agent made it possible to
provide a high resolution and sensitivity to assess GAGs content and 3D
distribution in rat femoral cartilage (350). Since Hexabrix is used in human
clinical imaging, it could be injected in mice in order to assess OA progression

in the same animal at different times.

The surgical disadvantages are reduced when using chemically induced OA

models, with injection of collagenase, papain, mono-iodoacetate (MIA) or
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quinolones, among others (341, 351-353). These substances compromise
the integrity and function of cartilage, ligaments and tendons and thereby
destabilize the joint. We did not use these techniques because they do not

correlate with pathogenesis of any type of human OA (341).

Non-invasive induced OA models rely on automated single or repeated

application of trauma to the joint to mimic human OA injuries (340, 354).
Among them, cyclic articular cartilage tibial compression (CACTC), which
consists in applying an axial load to displace the tibia relative to the femur,
is the preferred method to analyze damages resulting from chronic overuse
OAinjury (354, 355). These automated mechanisms avoid the disadvantages

associated with surgery but require very expensive equipment.

In order to respect the 3R philosophy, i.e. refining, replacing and reducing,
in vitro models, such as monolayer culture, co-culture, 3D-culture or explant
culture (312, 356-359), allow to study cell behavior during early OA
development, prior to the peak of the catabolic process (360), although they
are not representative of joint complexity. Chondrocyte monolayer, cell
scaffold or intact tissue techniques can also influence the cell response to
the experimental conditions. Ideally, cartilage tissue should be used as an
explant-based model, but this limits the number of samples available (361).
This is why the monolayer model is the most widely used due to its rapid

response to cytokines or load stimulation. However, its main limitation is
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that chondrocytes cannot be used at multiple passages because they

dedifferentiate into fibroblasts (356).

Since chondrocytes are sensitive to mechanical stress, they require some
load to maintain ECM homeostasis. Load-based in vitro OA models permit to
analyze the signaling pathway related with mechanotransduction (362).
Chondrocytes are embedded into an artificial scaffold which is submitted to
weight (363, 364) or to cyclic impacts (365). However, these models require
specific devices and high cell numbers that are generally harvested in dogs

or horses.

Using reliable monolayer cell cultures protocols (312, 356), we detected not
only the expression of Spam1 by murine chondrocytes and osteoblasts, but
also changes in this expression after pro-inflammatory cytokine stimulation,
which is the most commonly used in vitro method of OA induction. As
reviewed by Johnson et al., the pro-inflammatory cytokines IL-13 and TNF-a
produced following synovial inflammation are known to stimulate, both in
vivo and in vitro, the production of catabolic enzymes MMPs and ADAMTS,
as well as VEGF, by humans and animals chondrocytes, synoviocytes and
osteoblasts (360). Pro-inflammatory cytokines appear to be ideal candidates
for in vitro induction of OA-like biological changes in joint cells or tissues
(360). In OA human patient synovial fluid, concentrations of IL-1p (<2ng/ml)
and TNF-a (<3ng/ml) (366, 367) are very low compared to concentration
used in vitro, i.e. up to 100ng/ml IL-1p and TNF-a (368, 369). We fixed a
10ng/ml concentration for both IL-13 and TNF-a in our in vitro experiment

in order to approach the in vivo condition.
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Spam1 knockout and OA in knee osteochondral unit

Contrary to the other hyaluronidase knockout models, Spam1”- mice appear
to be somewhat protected against age-related and induced OA cartilage
degradation, which is the most original and important contribution of our
work. Indeed, we observed a significantly lower Modified Mankin score in
Spam17- than WT mice at 52 weeks of age. From 14 days after surgical OA
induction, Spam1”- mice also showed a significantly lower articular cartilage
degradation than WT mice as soon as 14 days after surgical OA induction, as
well as they developed smaller osteophytes and less numerous ectopic

calcifications than WT mice.

Besides less articular cartilage degradation, subchondral BMD was lower in
Spam1”/" mice than in WT mice, which could be another advantage since
increasing tibial subchondral BMD was related with evolutive knee OA (370)
and high systemic BMD was associated with structural OA features in hand

and knee (166, 167, 371).

In early stages of OA, subchondral bone is characterized by increased
porosity, decreased BMD and deteriorated subchondral trabeculae, leading
to abnormal stress distribution at the cartilage-bone interface and to
cartilage degradation but, in return, damaged cartilage influence the
deterioration of the underlying subchondral bone (372). Using micro-CT, we

observed a temporary decrease in BMD, BV/TV and trabecular thickness in
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WT subchondral bone at 3 days after OA induction. This response, which can
be explained as a consequence of the quick increase in stress forces on the
articular cartilage, is considered a determinant of OA development (168,
220, 373, 374). On the contrary, Spam1” mice showed a significant increase
in subchondral BV/TV, trabecular thickness and BMD in the first 3 days after
OA induction. In contrast to that of WT mice, this reaction could prevent OA
development by providing solid support to the articular cartilage undergoing
a rapid increase in mechanical stress. After this early period, subchondral
BMD of the tibia returned to baseline (Day 0) in both groups and remained
lower in the knee of OA Spam1” mice. Absence of Spam1 appeared to
contribute to optimal interaction between articular cartilage and

subchondral bone, thereby reducing the OA severity.

These in vivo tissue interferences of Spam1 knockout in age- and OA-related
cartilage and subchondral bone damage were associated with specific
expression of other matrix degrading enzymes. Hyal2 was significantly less
expressed in Spam1”/- chondrocytes than in WT ones from age 10 to 52
weeks. Whereas Hyall and Mmp13 expression increased in chondrocytes of
52-week-old WT mice, it remained constant in Spam17- ones. After OA
induction, articular cartilage of Spam1”- mice exhibited less Hyal1, Hyal2 and
Mmp-13 immunostaining than WT ones. Hyal2 and Mmp-13 were previously
identified as playing a key role in cartilage degradation and their expression
significantly increases during OA development (200, 201, 375). These results
could explain the cartilage preservation in Spam17- due to the decreased

degradation of the ECM components compared to WT mice. Furthermore,
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Spaml generates HA fragments that are highly angiogenic and potent
inducers of inflammatory cytokines in human (376); its absence could have

a beneficial impact on cartilage preservation.

To our knowledge, no other study had focused on the cartilage and bone
features of Spam1 knockout, whereas this enzyme is related to HA turnover.
Like others, we also showed that this murine model is viable and do not show
gross morphological particularity, although it presents male subfertility (377,
378). Recently, Park et al. confirmed this impaired sperm activity in double
knockout (dKO) Spam1/Hyal5 mice but also observed normal expression of

other somatic Hyals by these dKO mice (274).

By comparison, Hyall”~ mice, the mouse model of human
mucopolysaccharidosis IX, showed mainly a lysosomal storage disorder and
progressive loss of proteoglycans in the knee joint cartilage from 3 months
of age (62). OA appeared to be the main feature, due to increased HA
accumulation in the epiphyseal and articular cartilage. Absence of HA
elevation in the serum or non-skeletal tissues was suggested to be due to a

significant increase of liver Hyal3 expression in Hyal1”- mice.

Beside localized craniovertebral bone defect, Hyal2”- mice did not show any
accumulation of HA, except in the liver and kidney (247). In addition, the
Hyall transcript was increased in the kidney and a 2-fold increase was
detected in plasma hyaluronidase activity, which was hypothetically
attributed to Hyall and lead to the conclusion that Hyal2 is needed to
maintain normal plasma concentration of HA in mice (247). Recently, Hyal2

conditional deficiency was shown to aggravate cartilage degradation in
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ageing mice and after DMM OA induction (60). In these models, Hyall
expression did not change in articular cartilage whereas Mmp-13 and
Adamts-5 expression was significantly increased as well as HA deposition in

the chondrocyte pericellular area.

Hyal3 is broadly expressed in mouse (379), has an intracellular localization
(287), and plays an important role in HA catabolism. Hyal3” mice did not
present any gross phenotypic change nor histological changes in joints and
their serum HA level was normal (77). Nevertheless, absence of Hyal3

decreased both Hyal2 and Hyall expression in liver (77).

Our data indirectly suggest a consistent role of Spam1 in OA development
and, consequently, its interaction with HA turnover in normal cartilage. Our
in vitro experiments allowed to identify Spam1 expression not only in murine
chondrocytes, confirming previous report (31), but also in osteoblasts. This
original observation is consistent with SPAM1 detection in human
connective tissue cells, such as chondrocytes, synoviocytes and fibroblasts
(64). As also observed in these latter human cell cultures, cytokine
stimulation, that is an in vitro model of OA induction, significantly increased
Spam1 expression by WT murine chondrocytes, as well as osteoblasts,
suggesting its involvement in the whole osteochondral unit disturbance. We
further showed that chondrocytes stimulated with pro-inflammatory
cytokines produced significantly more Hyall and Mmp-13 after 24h, more
Hyal2 after 48h and less HAS2 after 24h. These enzymes, which regulate HA

metabolism and matrix degradation, are known to vary in such a way during
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OA development, which generates imbalance between production and

degradation of HA and collagen (201, 380).

Spam1”- chondrocyte culture provided further support for the hypothesis
that Spam1l is interconnected with main actors of HA turnover: under
cytokine stimulation, the production of Hyal2 significantly decreased at 48h
and the production of HAS2 decreased in a smaller proportion than WT
chondrocytes, whereas Mmp-13 production was increased in lower
proportion. These data highly suggest that absence of Spam1 lowers HA and
collagen degradation, whereas HA synthesis is partly preserved. They are

particularly consistent with our in vivo observations.

Perspectives

Our results lead to different perspectives in order to better understand the
function of hyaluronidase Spaml. In their model of HA degradation,
Chowdhurry et al. suggested a fourth, non-HYAL2-dependent, pathway (74),
in which we hypothesized possible involvement of Spaml. Since Hyal2
expression appeared tightly associated with Spam1, interaction of this latter
with CD44-Hyal2 complex should be considered. Analysis of the pericellular
matrix of chondrocytes could also allow to localize Spam1 and to highlight

its relationships with the cell membrane, like Hyal2.

To go further with the role of Spam1 in osteochondral unit, analysis of GAGs
concentration and HA molecular weight in articular cartilage of WT and

Spam1”- mice could specify the activity of this hyaluronidase in vivo as well
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as in cartilage and even osteochondral unit culture. Expression of Spam1 by
osteoblasts and its increase under inflammatory conditions highly suggest
investigating their whole protein expression after Spam1 deletion and in
osteoarthritic conditions in order to highlight its contribution to
osteochondral unit physiopathology and to skeletal health. Indeed,
accumulation of GAGs in skeletal tissues could lead to symptoms mimicking
mucopolysaccharidoses (60, 62, 77). Decrease or absence of Hyal2 could

lead to local bone malformation, as described in Hyal2” mice (247).

Spam1”/- mice could also be used to further analyze the activity of this
hyaluronidase in liver, kidneys, spleen, skin and lymph nodes, where HA
turnover is known to be very active (33, 36, 381). Besides the changes
induced in joint tissues, the constitutive absence of Spaml could lead to
adaptations in such organs, with possible over- or under-expression of some

hyaluronidases/HAS.
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Conclusion

According to our experiments, absence of hyaluronidase Spam1 protects the
joint from natural and induced osteoarthritis. This protection includes not
only cartilage, but also subchondral bone, which highlights the need for
regarding the joint as an organ in the management of OA. Furthermore,
Spam1”- chondrocytes produce significantly less enzymes that degrade the
cartilage extracellular matrix, particularly Hyal2. Since Spam1 production by
chondrocytes was shown to increase in experimental OA conditions, this
hyaluronidase most likely interacts in cartilage HA metabolism and OA

physiopathology.
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Appendices

Cartilage structure
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Modified Mankin’s histological Score for cartilage evaluation. Taken from “Efficacy
Evaluation of a New Hyaluronan Derivative HYADD ° 4-G to Maintain Cartilage
Integrity in a Rabbit Model of Osteoarthritis” Mainil-Varlet, P.; Cartilage.
2013;4(1):28-41 (296).
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