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Abstract

Osteoarthritis (OA) is a prevalent joint disorder with significant global impact, characterized
by limited treatment options and challenges in early diagnosis. This research aimed to address
a deeper understanding of the onset and progression of OA, while exploring novel therapeutic
strategies. Pathologic calcification and inflammation, associated with degradation of cartilage
extracellular matrix, are prominent features observed in OA. Gla-Rich Protein (GRP), a vitamin
K-dependent protein, has recently shown promising potential in possessing anti-inflammatory
and anti-mineralization properties in articular cells, suggesting its role in the interplay between
inflammation and mineralization in OA. Based on that, we developed chitosan-based
nanoparticles to encapsulate GRP, aiming to enhance its bioavailability and thereby facilitating
its application in functional assays. These nanoparticles effectively delivered GRP and retained
its anti-inflammatory activity in human activated macrophages (THP-1 MoM) and
chondrocytes. The novel nanoformulation demonstrated promising potential for therapeutic
applications in chronic inflammatory diseases. Furthermore, we developed an experimental
pipeline in order to evaluate potential OA-modifying compounds and their effects on
inflammation and mineralization. The pipeline involved a series of activity assessments,
starting from a simpler cell-based model of OA and progressing to a more complex co-culture
model based on human cartilage. This progressive approach allowed us to examine potential
drugs as mediators of inflammation and mineralization, mimicking the early disease stages and
providing valuable insights into the complex pathological processes involved in OA
progression. In the search for new active compounds to treat OA, we investigated the utilization
of a marine bioactive compound, amentadione (YP), in the context of OA treatment, using the
established pipeline. Amentadione exhibited strong anti-inflammatory effects, by
downregulating key inflammatory mediators such as cyclooxygenase 2 (COX-2) and
interleukin 6 (IL-6), and also demonstrated the ability to regulate nuclear factor kB (NF-kB)
signaling pathways. By decreasing matrix metalloproteinase-3 (MMP3) levels and chondrocyte
hypertrophic differentiation factors, Col10 and Runx2, YP contributed to cartilage homeostasis.
These findings highlight the high therapeutic potential of amentadione as a cartilage protective
factor in OA.

In summary, this research highlights the therapeutic potential of both GRP and marine

bioactive compound YP in the management of inflammatory responses in OA. The utilization
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of novel drug delivery systems, including chitosan-based nanoparticles, along with the
comprehensive evaluation of compounds using the established experimental pipeline, offers the
possibility of better understanding the underlying disease mechanisms and to explore new
potential active compounds in OA.

Keywords: Osteoarthritis , Gla-Rich Protein, Marine Bioactive Compounds, Inflammation,

Mineralization, Ectopic calcification, Nanoencapsulation, 3D OA model.
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Resumo

A osteoartrite (OA) € uma doenca da articulacdo, prevalente e com impacto global significativo,
que combina a quase inexisténcia de um diagnostico precoce, com tratamentos limitados e
direcionados maioritariamente para combater a sintomatologia. Este projeto teve como objetivo
uma melhor compreenséo sobre a iniciacdo da OA e sua progressao, assim como a exploracéo
de novas estratégias terapéuticas. Para tal, um sistema sequencial de testes que mimetizam uma
fase inicial da doenca foi desenvolvido e aplicado para a investigagdo de novos agentes com
potencial atividade na OA. Calcificacdo patoldgica e inflamacéo, associadas a degradacao da
matriz extracelular, sdo caracteristicas proeminentes observadas na OA. Gla-Rich Protein
(GRP), uma proteina dependente de vitamina K, mostrou recentemente potenciais atividades
anti-inflamatorias e anti-mineralizantes em células articulares, podendo desempenhar um papel
na interagdo entre a inflamagdo e a mineralizagdo na OA. Com base nisso, e conhecendo
algumas limitacdes da GRP, desenvolvemos pela primeira vez, nanoparticulas a base de
quitosano para encapsular a GRP, visando aumentar a sua biodisponibilidade e estabilidade,
facilitando assim a sua aplicacdo em ensaios funcionais. Essas nanoparticulas revelaram-se
efetivas na entrega da proteina GRP, a qual reteve a sua atividade anti-inflamatdria em
macrofagos ativados (THP-1 MoM) e condrécitos. A nova nanoformulacdo demonstrou um
potencial promissor para aplicacdes terapéuticas em doencas inflamatdrias cronicas.
Posteriromente, desenvolvemos uma sequéncia de ensaios experimentais na perspetiva de
avaliar o potencial de alguns compostos como modificadores da doencga, focando nos seus
efeitos anti-inflamatdrios e anti-mineralizantes. Essa sequéncia de testagem envolve uma série
de avaliacGes de atividade, que tém inicio num modelo mais simples de OA, baseado em
células, e progredindo para um modelo mais complexo, de co-cultura celular e explantes de
cartilagem humana. Esta abordagem experimental continua e progressiva permitiu examinar a
atividade de alguns compostos enquanto mediadores da inflamacgéo e mineralizagéo, tentando
reproduzir as condi¢des dos estadios iniciais da doencga e fornecendo informag6es valiosas
sobre 0s complexos processos patoldgicos envolvidos na progressdo da mesma. Assi, na busca
de novos compostos ativos para o tratamento da OA, investigdmos a atividade de um composto
marinho bioativo, amentadiona, no contexto do tratamento da OA e usando o0 sistema
experimental de testagem estabelecido. A amentadiona revelou capacidade anti-inflamatoria e
melhorou a homeostase da cartilagem. Reduziu os principais mediadores inflamatérios, como
ciclooxigenase 2 (COX-2) e interleucina 6 (IL-6), e também demonstrou a capacidade de

regular as vias de sinalizacdo do fator nuclear kB (NF-kB). Esses resultados demonstram
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potencial terapéutico da amentadiona como fator protetor da cartilagem na OA.

Em suma, esta pesquisa destaca o potencial terapéutico da GRP, na sua forma livre e
nanoencapsulada, e do composto bioativo marinho amentadiona na modulacdo de respostas
inflamatdrias na OA. A utilizacdo de novos sistemas de entrega de compostos ativos, incluindo
nanoparticulas a base de quitosano, juntamente com a avaliacdo abrangente de compostos
usando a sequéncia experimental de testes aqui estabelecida, oferece a possibilidade de entender
melhor os mecanismos subjacentes da doenca e explorar a potencialidade da atividade de novos

compostos na OA.
Palavras-chave: Osteoartrite, Gla-Rich Protein, Compostos marinhos bioativos, Inflamacéo,

Mineralizacdo, Calcificacdo patoldgica ou ectdpica, Nanoencapsulagdo, Modelo 3D de co-

cultura para OA.
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Figure Index

Figure 1.1 Radiographs of healthy (Control) and Kellgren-Lawrence (KL) osteoarthritic knees (OA).
Radiographs of the osteoarthritic knee (KL, grade 4) reveal the presence of osteophytes, joint space
narrowing, sclerosis and bony deformities (adapted from (45)). ...cccoveiviieii i 9
Figure 1.2 Schematic representation of the main articular joint constituents: articular cartilage, joint
cavity, joint capsule, synovial fluid, synovial membrane, meniscus, bone and bone marrow (adapted
TTOM (B0)). ettt E ettt R b r e n e 12
Figure 1.3 Schematic representation of healthy cartilage organization. Each cartilage zone has a distinct
chondrocyte phenotype and organization. (Adapted from Martel-Pelletier et al., 2013 (60)). ............. 13
Figure 1.4 The pathogenesis of OA. In response to various stimuli in osteoarthritis (OA), chondrocytes
undergo phenotypic changes and express mediators that initiate a destructive cycle of cartilage
degradation. Inflammatory factors reach the synovium and trigger an inflammatory process, leading to
the production of more inflammatory factors by synovial macrophages and fibroblasts, potentiating the
inflammatory event and the cartilage destruction. IL-1, interleukin-1; MMPs, metalloproteinases; OA,
osteoarthritis (adapted from (69))........ccciiiiiiiiii e e e re e 14
Figure 1.5 Mineral and inflammatory agents in the OA pathologic cycle, at cartilage level. Calcium-
containing crystal (basic calcium phosphate, BCP, and Calcium pyrophosphate dehydrate, CPPD)
stimulate the proliferation of synoviocytes and activation of chondrocytes, enhancing the production of
inflammatory cytokines. This process intensifies articular inflammation, cartilage degradation and
further pro-mineralizing apoptotic bodies release, in a damaging Cycle. ..........ccovvvvveiiiiiie e 18
Figure 1.6 Vitamin K Cycle: the vitamin quinone is reduced to its hydroquinone form by vitamin K
reductase (VKR). During y-carboxylation of Glu residues to Gla residues by y-glutamyl carboxylase
(GGCX), vitamin K hydroquinone is converted into its epoxide function. Vitamin K epoxide is further
reduced by vitamin K epoxide reductase (WVKOR)........cociiiiiiiiieiiise st 25
Figure 1.7 Vitamin K in multiple molecular pathways: 1. Vitamin K may exert actions on skeletal
tissues by acting as a co-factor in the y-carboxylation of Glu to Gla residues of VKDPs (GRP, MGP,
OC, ProtS, Gas6, Postn). 2. Vitamin K may act as an anti-inflammatory agent by suppressing the NF-
kB signal transduction. 3. Vitamin K may affect cartilage and bone by modulation of downstream
signaling pathways ultimately modifying gene expression. 4. Display a protective role by blocking the
generation of ROS. Glu, glutamic acid, Gla, y-carboxyglutamic acid, IKK, nuclear factor kB kinase,
T ST U (o1 LT T =Tt (0] = JR RSP 26
Figure 2.1 GRP reduces TNFa production in THP-1 MoM stimulated with LPS. Differentiated THP-1
MoM cells were treated with 0.5 pg/mL, 0.75 pg/mL and 1.5 pg/mL of purified cGRP and ucGRP
proteins for 24 h, followed by exposure to 50 ng/ml LPS for additional 24 h. Cells treated with 2 uM

dexamethasone (DXM) were used as a positive anti-inflammatory control, and non-stimulated cells as
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controls to LPS stimulation. Conditioned cell culture media were collected and used to determine TNFa
accumulation by ELISA. Data are presented as means * standard error of triplicates of two independent
experiments (n=2), with triplicates. Ordinary one-way ANOVA was used and multiple comparisons
were achieved with Dunnett’s test. Statistical significance was defined as P<=0.05 (*), P<=0.01 (**),
Y00l ol O 010 o TSP 49
Figure 2.2 NTA analysis provided a representative assessment of FCNP and FCNG, displaying the
particle concentration based 0N SIZE (235). ...cviieieiiiie it 51
Figure 2.3 Percentage of ucGRP present in the nanoparticles formulations (FCNG): % of GRP detected
by ELISA (section 2.2.3) in the supernatants of the ucGRP-loaded nanoparticles synthesis (FCNGsy),
relatively to the initially available ucGRP (UCGRPinitial). Data is representative of six independent
experiments (N=6), With triplicates (235). .....coiiiiiiieiiie e st s ee e 52
Figure 2.4 Ultrastructural nanoparticle characterization by transmission electron microscopy (TEM):
morphology of FC based nanoparticles (a) FCNP and (b) FCNG. Scale bar of 200 nm (235)........... 533
Figure 2.5 Chitosan-based nanoparticles analysis by flow cytometry. (a) Histogram overlay plot
showing unstained control of nanoparticles of chitosan (CNP) in red and nanoparticles of fluorescein-
labelled chitosan (FCNP) in blue. 98.3 % of FCNP events are positive for FITC, exhibiting higher
fluorescence intensity (FCNP+). (b) Dot plot showing nanoparticles of fluorescein-labelled chitosan
with ucGRP (FCNG). The FCNG were stained with Alexa 647 for ucGRP protein detection. The gate
FCNG++ is double positive for FITC and Alexa 647, representing 39.7 % of the initial population
(EXCIUAING ThE TEITIS). ..ueeieeiiiieiet bbbttt et 53
Figure 2.6 GRP releasing assay. Levels of ucGRP released from FCNG to cell culture media (RPMI)
were measured by ELISA, at different times: 0 min 15 min, 30 min, 150 min, 24 h and 48h. Data are
representative of three independent experiences (n=3) and are statistically non-significant (235)....... 54
Figure 2.7 Schematic experimental design for the cytometry analysis of THP-1 MoM treated with
FCNG. Triple stained system for detection of fluorescein (FITC), GRP (Alexa647), and CD11 (PE) in
THP-1 MOM POPUIALION. ...ttt ettt et st r e beeae e sbesbe e besbeeraesbesneennesre e 55
Figure 2.8 THP-1 binding/uptake of FCNP and FCNG nanoparticles by flow cytometry. Dot plots show
THP-1 MoM exposed for 2h to (a) FCNP and (b) FCNG. The Q2 quadrant represents cells that have
fluorescein-labelled nanoparticles and the THP-1 MoM marker (both FITC and PE positive). Q2 is 67.1
% for FCNP and 73.7 % fOr FCNG (235). ...cueoueeieiieirieesee et ssene s 56
Figure 2.9 Flow cytometry gating strategy. Population of interest was first (a) gated on a forward scatter
(FSC)/side scatter (SSC) plot to remove cell debris and then (b) gated on Q2, which represents cells that
are positive for fluorescein-labelled nanoparticles and positive for THP-1 MoM marker (73.7 % are
double positive for FITC and PE). These were then further (c) gated for the subset of interest, FCNG++,
that represents THP-1 MoM cells with fluorescein-labelled nanoparticles containing GRP (73.3 % are
triple positive for FITC, PE and AleXa 647) (235).......ccuiiiiriieieieisisie s 57
Figure 2.10 Cell viability of THP-1 macrophages treated with FCNP and FCNG. Effect of (11.7 £ 4.5)
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x 10° particles/mL FCNG and FCNP in THP-1 MoM after 24h of exposure assessed by the MTS cell
PrOlTEration 8SSAY (235). ... ceeiiiriiiteriiitesi et 58
Figure 2.11 Anti-inflammatory effect of FCNP and FCNG in LPS-stimulated THP-1 macrophages.
Evaluation of inflammatory marker TNFa was performed in the cell culture media of THP-1- MoM,
previously treated for 2h, 8h or 24h with (11.7 + 4.5) x 10° particles/mL FCNP or FCNG, and then
stimulated with LPS (100 ng/mL) for further 24h. Dexametasone (DXM, 2 uM) was used as a positive
anti-inflammatory control and non-stimulated cells as controls to LPS stimulation. Data are
representative of three independent experiments (n=3), with triplicates. Two-way Anova and multiple
comparisons were achieved with the Dunnett’s test, and statistics presented were performed relatively
to the LPS-stimulated condition. Both graphs show mean + SD. Statistical significance was defined as
P <0.05 (*), p<0.005 (**) and p < 0.0005 (F*F)(235). ..ovuvverrerrenrsrrireisssreessissesssessissesssessessessessnsens 59
Figure 2.12 Evaluation of the GRP content in THP-1 MoM treated with FCNG and FCNP, under
inflammatory or control conditions. Levels of total GRP were measured in the cell extracts (a) and
culture media (b) of THP-1 MoM untreated cells, or pre-treated for 24 h with (11.7 + 4.5) x 10°
particles/mL of FCNG or FCNP, with or without further stimulation with LPS (100 ng/mL) for 24 h.
Data are result of one experiment, with triplicates. Two-way Anova and multiple comparisons were
achieved with the Dunnett’s test. Statistical significance was defined as p < 0.0005 (***) (235)........ 60
Figure 2.13 Anti-inflammatory effect of different FCNG formulations, in LPS-stimulated macrophages.
ELISA for the evaluation of inflammatory marker TNFa levels in the cell culture media of THP-1 MoM,
pre-treated for 24 h with (11.7 + 4.5) x 10° particles/mL of FCNG loaded with different ucGRP contents,
0.05 % (FCNG), 0.25 % (FCNGg_2s), and 0.375 % (FCNGg37s) (wW/ w), and then stimulated with LPS
(100 ng/mL) for further 24h. Data resulted from two independent experiments (n=2), with duplicates.
Dexametasone (DXM, 2 uM) was used as a positive anti-inflammatory control. Two-way Anova and
multiple comparisons were achieved with the Dunnett’s test. Both graphs show mean + SD. Statistical
significance was defined as P < 0.0005 (FF%). ..iiiiiiiiiiic it 62
Figure 2.14 Cytotoxic effect of 24 h of exposure of (a) synoviocytes and (b) chondrocytes to FCNG
and FCNP [(11.7 + 4.5) x 10° particles/mL]. Data resulted from two independent experiments (n=2),
WILH THPHICALES (235). ..ttt ettt e st et e e seeeseentesneenteebeeneeseeeneeneeaneas 63
Figure 2.15 Anti-inflammatory effect of FCNP and FCNG nanoparticles, in stimulated synoviocytes
and chondrocytes. ELISA of the inflammatory marker IL-6 present in the cell culture media of (a)
chondrocytes and (b) synoviocytes pre-treated for 24 h with (11.7 + 4.5) x 10° particles/mL of FCNG
or FCNP, or dexametasone (DXM, 2 uM)) and then stimulated with IL-1f (10 ng/mL) for further 24 h.
Data resulted from at least three independent experiments (n=3), with triplicates. DXM was used as a
positive anti-inflammatory control. Two-way Anova and multiple comparisons were achieved with the
Dunnett’s test. Graphs show mean + SD Statistical significance was defined as p < 0.05 (*), p <0.005
(*%) aNd P < 0.0005 (F55) (235). cvvvrrverrreresseseeessessesessessessssssssssssess s ssss s en s es s an s 64
Figure 3.1 Inflammatory response of THP-1 MoM stimulated with different doses of HAP and cell
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viability of THP-1 exposed to different HAP concentrations. (a) Levels of TNFa in cell culture media
of THP-1 MoM treated with different concentrations of HAP for 72 h. Data are presented as means of
two independent experiments (b) Viability of THP-1 macrophage cells, exposed to different
concentrations of HAP for 72 h. All graphs show mean +SD. One-way Anova and multiple comparisons
were achieved with the Dunnett’s test. Statistical significance was defined as p<0.005 (**) and p<0.0005
i) TSR 81
Figure 3.2 Levels and relative gene expression of inflammatory markers in articular primary cells
stimulated with IL-1p. Relative gene expression of COX-2 and NF-kB were determined by gPCR, at 3h
and 6h post IL-1p stimulation in (a, b) chondrocytes and (d, ¢) synoviocytes. (c, f) Levels of IL-6 in cell
culture media at 6h post IL-1p stimulation in (c¢) chondrocytes and (f) synoviocytes. Data are presented
as means of three independent experiments. All graphs show mean £SD. Multiple t tests were used for
comparison between two groups and One-way Anova and multiple comparisons were achieved with the
Dunnett’s test. Statistical significance was defined as p<0.05 (*), p<0.005 (**) and p<0.0005 (***). 82
Figure 3.3 Inflammatory responses of articular primary cells stimulated with HAP. Relative gene
expression of COX-2 was determined, at 6h post HAP (750 pg/mL) stimulation in (a) chondrocytes and
(c) synoviocytes. Viability of (b) chondrocytes and (d) synoviocytes, exposed to different concentrations
of HAP. Data are presented as means of two independent experiments, with triplicates. All graphs show
mean £SD. Multiple t tests were used for comparison between two groups and One-way Anova and
multiple comparisons were achieved with the Dunnett’s test. Statistical significance was defined as
P<0.05 (*) and P<0.005 (F5)..viiiriiereiierisiete et e st se st a st e bt b et nesrere e 83
Figure 3.4 Hydroxyapatite (HAP) induce an upregulation of OA-related factors in cartilage ex vivo
explants. Human cartilage explants were cultured in the presence of HAP or in control conditions (Ctr)
for 72h. (a) Relative expression of Col10, MMP3, Runx2 and COX-2 marker genes at 72h post
stimulation with HAP (750 pg/mL). (b) Levels of MMP3 and IL-6 in cell culture media were determined
at 72h after stimulation with HAP (750 pg/mL). Data are presented as means of four independent
experiences. All graphs show mean * SD. Statistical significance was assessed using Student’s t test, p<
0.05 (*), p< 0.005 (**) and P< 0.0005 (FH%). .ouviuirieirieerieesieesieesere s e sese e seeseseeseseesenes 85
Figure 3.5 Inflammatory response of human cartilage explants exposed to IL-1p and THP-1 MoM
conditioned culture media (MCM). Relative expression of (a) COX-2, (b) MMP3 and (c) NF-kB marker
genes, treated with IL-1p (10 ng/mL) or MCM (96 h) at 24, 48 and 72h. Data are presented as one
representative experiment, With tripliCatES. .........ccoviiii i e 87
Figure 3.6 Cytokine stimulation of cartilage explants co-cultured with synoviocytes emulates
phenotypic and molecular cartilage alterations occurring in OA. Human cartilage explants were co-
cultured with human synoviocytes and stimulated with IL-1B. (a) Gene expression analysis of cartilage
tissue of COX-2, MMP3 and IL-6 after 24h of stimulation with IL-1p (10 ng/mL). Data are presented
as means of four independent experiences for COX-2 and MMP3, and two independent experiments for

IL-6. (b) Representative Alcian Blue staining of cartilage tissue after 1 week of stimulation with 10
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ng/mL and 100 ng/mL of IL-1pB; scale bar represents 100 um. Histological assessment of articular
cartilage was based in distinct cartilage zones: superficial, middle and deep zone (267)..........c.c...... 88
Figure 3.7 Mineral deposition and histomorphological features of cartilage explants co-cultured with
synoviocytes under mineralization conditions, with CaCl.. (a) Calcium quantification of cartilage tissue
normalized to tissue dry weight after 2 weeks in control (Ctr) and mineralizing conditions (MM) with
5.4 mM CaCl,. (b) Representative von Kossa/hematoxylin co-staining of cartilage tissue after 2 weeks
in Ctr and MM conditions; scale bar represents 100 um Control (Ctr) corresponds to co-cultures in non-
supplemented media. Multiple t tests were performed, and statistical significance was defined as p<
0.005 (**) and p< 0.0005 (***). All graphs show mean £ SD........ccccevviriiriineneneeee s 89
Figure 3.8 The impact of mineral treatment in cartilage explants co-cultured with synoviocytes, at the
molecular and tissue levels. Human cartilage explants were co-cultured with human synoviocytes and
stimulated with mineralizing conditions. Levels of MMP3 and IL-6 in the co-culture media after
treatment with HAP (750 pg/mL) for 72h. Data are presented as means of three independent experiences.
Control (Ctr) corresponds to co-cultures in non-supplemented media. Multiple t tests were performed,

and statistical significance was defined as p< 0.005 (**) and p< 0.0005 (***). All graphs show mean +

Figure 4.1 Meroditerpenoids isolated from the brown alga Cystoseira usneoides (188).................... 99
Figure 4.2 YP, Cyd G, Cyd K and Cy C reduce the inflammatory response of THP-1 macrophages
(THP-1 MoM) stimulated with LPS. Levels of TNFa in cell culture media of THP-1 MoM pre-treated
with different concentrations of YP, Cyd G, Cyd K and Cy C for 2 h, followed by exposure to 100 ng/ml
LPS for additional 24h, determined by ELISA. Culture media of non-treated cells was used as control,
and cells treated with 2 uM dexamethasone (DXM) were used as a positive anti-inflammatory control
for LPS-stimulated THP-1 MoM experiment. Data are presented as duplicates of a representative
L8 L=] £ 0 1=] o T ST TP T TP PP UP PR PRURPRPRPIN 104
Figure 4.3 YP, Cyd G, Cyd K and Cy C reduce the inflammatory response of THP-1 macrophages
(THP-1 MoM) stimulated with hydroxyapatite (HAP). Levels of TNFa in cell culture media of THP-1
MoM pre-treated with different concentrations of YP, Cyd G, Cyd K and Cy C for 2 h, followed by
exposure to 250 pg/mL HAP for 72 h, determined by ELISA. Culture media of non-treated cells was
used as control condition. Data are presented as duplicates of a representative experiment. ............. 105
Figure 4.4 Viability of THP-1 macrophage cells (THP-1 MoM) exposed to 10 puM of YP, Cyd G, Cyd

K and Cy C for 24 h. Cell culture media of non-treated cells was used as control. Graph shows mean

Figure 4.5 YP reduces the inflammatory response of THP-1 macrophages (THP-1 MoM) stimulated
with LPS (a) and hydroxyapatite (HAP) (b). Levels of TNFa in cell culture media of THP-1 MoM pre-
treated with different concentrations of YP for 24 h, followed by exposure to 100 ng/ml LPS for
additional 24h (a) and to 750 pug/mL HAP for 72 h (b), determined by ELISA. Control (Ctr) corresponds

to culture media of non-treated cells, and cells treated with 2 UM dexamethasone (DXM) were used as
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a positive anti-inflammatory control. Data are presented as means of at least three independent
experiments. All graphs show mean +SD. One-way Anova and multiple comparisons were achieved
with the Dunnett’s test. Statistical significance was defined as p<0.05 (*), p<0.005 (**) and p<0.0005
ol TR 106
Figure 4.6 Viability of THP-1 macrophage cells (THP-1 MoM) exposed to different concentrations of
amentadione (YP) for 24 h. Cell culture media of non-treated cells. Was used as control. Graph shows
IMEBAN ESD . .ttt bttt b bbbt bt b e R h e R e bRt e R bR e Rt b e b e e b bt en b nre s 107
Figure 4.7 YP reduces the levels of inflammatory markers in articular-derived cells stimulated with IL-
1B (a, b). Primary chondrocytes and synoviocytes were pre-treated with 10 uM YP for 24h, followed by
stimulation with 10 ng/mL IL-1B during different time points. (a) Relative gene expression of the
inflammatory marker COX-2 was determined by gPCR, at 3h and 6h post IL-1B stimulation in
chondrocytes and synoviocytes. (b) Levels of IL-6 in cell culture media 6h post IL-1p stimulation,
determined by ELISA. Cells treated with 2 uM dexamethasone (DXM) were used as a positive anti-
inflammatory control. Data are presented as means of at least three independent experiments. All graphs
show mean £SD. One-way Anova and multiple comparisons were achieved with the Dunnett’s test.
Statistical significance was defined as p<0.05 (*), p<0.005 (**) and p<0.0005 (***). ......ccoeevrennne 108
Figure 4.8 YP downregulates the inflammatory marker COX-2 in articular-derived cells stimulated with
HAP. Primary chondrocytes and synoviocytes were pre-treated with 10 uM YP for 24h, followed by
stimulation with 750 pg/mL HAP during 6h. Relative gene expression of COX-2 was determined by
gPCR, at 6h post HAP stimulation in chondrocytes and synoviocytes. Data are presented as means of
two independent experiments, with duplicates. All graphs show mean +SD. One-way Anova and
multiple comparisons were achieved with the Dunnett’s test. Statistical significance was defined as
P<0.05 (*) AN PZ0.005 (FF).ueuiiieeieriiieieieiee ettt ettt ettt ettt e ettt e s 109
Figure 4.9 Viability of human primary chondrocytes (a) and synoviocytes (b) exposed to different
amentadione (YP) concentrations for 24 h and exposed to different hydroxyapatite (HAP)
concentrations for 72 h. Control (Ctr) corresponds to culture media of non-treated cells. ................. 109
Figure 4.10 YP downregulates cell differentiation and extracellular matrix degradation markers
associated with OA in the ex vivo cartilage explant model under HAP stimulation. Human cartilage
explants were pre-treated with 10uM YP for 24h, followed by 72h of 750 pg/mL HAP stimulation.
Relative gene expression of Col10, Runx2 and MMP3 was determined by qPCR. DXM indicates
treatments with 2 uM dexamethasone. Data are presented as means of at least three independent
experiments. All graphs show mean +SD. One-way Anova and multiple comparisons were achieved
with the Dunnett’s test. Statistical significance was defined as p<0.005 (**) and p< 0.0005 (***)...111
Figure 4.11 YP downregulates pro-inflammatory marker levels associated with OA in the HAP-
stimulated ex vivo cartilage explant model. Human cartilage explants were pre-treated with 10uM YP
for 24h, followed by 72h of 750 ug/mL HAP stimulation, and levels of MMP3 and IL-6 accumulation

in the culture media were determined by ELISA. DXM indicates treatments with 2 uM dexamethasone.
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Data are presented as means of at least three independent experiments. All graphs show mean +SD.
One-way Anova and multiple comparisons were achieved with the Dunnett’s test. Statistical
significance was defined as p<0.05 (*), p<0.005 (**) and p< 0.0005 (F**). ..ooovviveieiieiieeieneeie e 111
Figure 4.12 YP downregulates pro-inflammatory and ECM degradation markers associated with OA in
the explant-based co-culture OA model under inflammatory stimulation with IL-1p. Cartilage explants
co-cultured with human primary synoviocytes were pre-treated with 10 uM YP for 24h, followed by
24h of 10 ng/mL IL-1p stimulation. Relative gene expression of COX-2, IL-6 and MMP3 in cartilage
explants were determined by gPCR. DXM indicates treatments with 2 UM dexamethasone. Data are
presented as means of at least three independent experiments. One-way Anova and multiple
comparisons were achieved with the Dunnett’s test. All graphs show mean + SD. Statistical significance
was defined as p< 0.05 (*), p< 0.005 (**) and P< 0.0005 (FF*). coooviiiiiiinieneieieeesese s 112
Figure 4.13 YP decreases the production of ECM degradation and pro-inflammatory markers in the
explant-based co-culture OA model under mineralizing conditions. Cartilage explants co-cultured with
human primary synoviocytes were pre-treated with 10 uM YP 24h, followed by 72h of 750 pg/mL HAP
stimulation. Levels of MMP3 and IL-6 accumulation in the co-culture media were determined by
ELISA. DXM indicates treatments with 2 UM dexamethasone. Data are presented as means of at least
three independent experiments. One-way Anova and multiple comparisons were achieved with the
Dunnett’s test. All graphs show mean = SD. Statistical significance was defined as p< 0.05 (*), p< 0.005
(*%) @NA P 0.0005 (FF5)....oovvoreeeeeeeeeeeseeseeeseessessessessee s ss s en s 113
Figure 4.14 YP downregulates NF-kB expression in IL-1p-stimulated primary articular chondrocytes.
Relative gene expression of NF-kB was determined by gPCR at 3h and 6h post 10 ng/mL IL-1P
stimulation. Data is presented as mean of three independent experiments. Graph shows mean +SD. One-
way Anova and multiple comparisons were achieved with the Dunnett’s test. Statistical significance was
defined as p<0.005 (¥*) and P<0.0005 (FHFH). .oviieiiiiiiiree e 114
Figure 4.15 Indication on the time point with increased plkBa after IL-1p stimulation. 20 pg of total
protein extracts of chondrocytes cultured in control (Ctr) and treated with 10 ng/mL IL-1 for different
time points, were analysed by Western blot to detect plkBa. Position of relevant molecular mass marker
(kDa) is indicated 0N the Fght STAE. .......coiiie e 114
Figure 4.16 YP downregulates inhibits IkBa phosphorylation in IL-1B-stimulated primary articular
chondrocytes. (a) Total protein extracts of chondrocytes cultured in untreated conditions, stimulated
with 10 ng/mL IL-1f for 30 minutes, and pre-treated with YP (10 uM) followed by 30 minutes of 10
ng/mL IL-1p treatment, were analysed by Western blot to detect plkBa. Position of relevant molecular
mass marker (kDa) is indicated on the right side and GAPDH was used as loading control. (b) The plkBa
ratio (plkBa/total IkBa) was determined in total protein extracts of chondrocytes cultured in control
conditions (Ctr); 30 min of IL-1B (10 ng/ml) treatment; and pre-treated with YP for 24 h followed by
30 min of IL-1p stimulation (YP), by measuring the content of total and plkBa with the specific

InstantOne ELISA assay Kit. Data is presented as mean of two out of four representative experiments.
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Graph shows mean +SD. One-way Anova and multiple comparisons were achieved with the Dunnett’s
test. Statistical significance was defined as p<0.05 (¥*) and p<0.0005 (¥*%)......ccceoeviiniiniiniinenennenn 115
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Table 3.2 Modified Mankin score used for histological evaluation of human cartilage explants,
using hematoxylin-eosin (HE), Safradin-O (SO) and Fast Green as staining (268-269)......... 84
Table 3.3 Levels of TNFa accumulated in the conditioned medium of THP-1 MoM stimulated
with LPS, (24 h, 48 h and 96 h) (MCM) and THP-1 monocytes cultured in control conditions
TOP L4 dAYS (CIM). ottt e et e et e e sae e e e e s be e e beenneeanes 86

XXVili


file:///C:/Users/nuna_/Documents/Documentos/Tese%202020/PhD_Nuna_Araujo_2023_last_version_atualizada_exp.docm%23_Toc145516049
file:///C:/Users/nuna_/Documents/Documentos/Tese%202020/PhD_Nuna_Araujo_2023_last_version_atualizada_exp.docm%23_Toc145516050
file:///C:/Users/nuna_/Documents/Documentos/Tese%202020/PhD_Nuna_Araujo_2023_last_version_atualizada_exp.docm%23_Toc145516050
file:///C:/Users/nuna_/Documents/Documentos/Tese%202020/PhD_Nuna_Araujo_2023_last_version_atualizada_exp.docm%23_Toc145516050

XXIX



Abbreviation list

3D

Aa
ADAMTS
motifs
ACR
AE

AF
ALP
ANOVA
BCP
BMP
Bp

BSA
CBB
CBME
CCMar
CDC
CDMP
cDNA
cGRP
CHUAC
CIBER
CID
CKD
cMGP
CNG
CNP
Collal
Col2al
Col10al
COMP
COX-2
CPP
CPPD
CRP
CRPM
CRTAC1
CS

CT

Ctr
CTX-II
CVvD
CyC
Cyd G
Cyd K
DALYs
DAMPs

Three-dimensional
Amino acid

A disintegrins and metalloproteinases with thrombospondin

American College of Rheumatology
Association efficiency

Anrthritis Foundation

Alkaline phosphatase

Analysis of variance

Basic calcium phosphate

Bone morphogenetic protein

Base pairs

Bovine serum albumin

Coomassie brilliant blue

Centro de Biomedicina Molecular e Estrutural
Centro de Ciéncias do Mar

Centre for Disease Control and Prevention
Cartilage-derived morphogenetic proteins
Complementary DNA

y-carboxylated GRP

Complejo Hospitalario Universitario a Coruiia
Centro de Investigacion Biomédica en Red
Chronic Inflammatory Diseases

Chronic kidney disease

y-carboxylated MGP

ucGRP-loaded CS/TPP nanoparticles
Chitosan (CS)/TPP nanoparticles

Type | collagen

Type 11 collagen

Type X collagen

Cartilage oligomeric matrix protein
Cyclooxygenase 2

Calciprotein particles

Calcium pyrophosphate dehydrate
C-reactive protein

C-reactive protein metabolite

Cartilage acidic protein 1

Deacetylated chitosan

Computed Axial Tomography

Control

C-terminal cross-linked telopeptide of type 11 collagen

Cardiovascular diseases

Cystone C

Cystodione G
11-Hydroxyamentadione
Disability-adjusted life years
Damage-associated molecular patterns



DMEM
DMOADs
DNA
Dp-ucMGP
DTT
DXM

E

ECM
EDAC
EDTA
ELISA
ESR

EVs

FBS

FBP

FC

FCT
FCNG
FCNP
GAG
Gasb6
GBD
GGCX
Gla
Glc-Gal-Pyd
Gln

Glu

GRP

HAP

HE

HFLS
HIF-2a.

IF

IGF

IHC

IkBa

cells inhibitor, alpha
IL

K

K1

K2

KH2

KL

KO
LC-MS/MS
LDS

LPS
MCM
MGP

MK

Dulbecco’s modified Eagle’s medium
Disease-modifying osteoarthritis drugs
Deoxyribonucleic acid
Dephosphorylated and undercarcoxylated MGP
Dithiothreitol

Dexamethasone

Extinction coefficient

Extracellular matrix
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
Ethylenediamine tetraacetic acid

Enzyme-linked immunosorbent assay

Erythrocyte sedimentation rate

Extracellular vesicles

Fetal bovine serum

Functional Biochemistry and Proteomics

Fluorescein labelled chitosan

Fundacao para a Ciéncia e Tecnologia

GRP-loaded FC/TPP nanoparticles

Fluorescein labelled chitosan (FC)/TPP nanoparticles
Glycosaminoglycans

Growth arrest-specific protein 6

Global Burden of Disease

v-glutamyl carboxylase

y-carboxyglutamic acid
Glucosyl-galactosyl-pyridinoline

Glutamine

Glutamate

Gla-rich protein

Hydroxyapatite

Hematoxylin-eosin

Human fibroblast-like synoviocytes
Hypoxia-inducible factor 2a

Immunofluorescence

Insulin-like growth factor

Immunohistochemistry

Nuclear factor of kappa light polypeptide gene enhancer in B-

Interleukin

Quinone form of vitamin K
Phylloquinone
Menaquinones

Vitamin K hydroquinone
Kellgren-Lawrence
Vitamin K 2,3-epoxide
Liquid chromatography-MS/MS
Lithium dodecyl sulphate
Lipopolysaccharide
Conditioned media

Matrix Gla protein
Menaquinone

XXXI



MK-n Menaquinone with a n number of prenyl repeats

MMP Matrix metalloproteinase

MPSs Microphysiological systems

MS Mass spectrometry

MVs Matrix vesicles

MW Molecular weight

NF-xB Nuclear factor kB

NO Nitric oxide

NOS Nitric oxide synthase

NSAIDs Nonsteroidal anti-inflammatory drugs OA  Osteoarthritis
NTA Nanoparticle Tracking Analysis

OARSI Osteoarthritis Research Society International
OoC Osteocalcin

O/N Overnight

OPN Osteopontin

Osx Osterix

PBS Phosphate buffered saline

PCR Polimerase chain reaction

Pdl Polydispersity index

PG Prostaglandin

pl Isoelectric point

Pi Inorganic phosphate

PPi Inorganic pyrophosphate

PRGP Proline-rich Gla proteins

PY Process yield

RA Rheumatoid arthritis

RNA Ribonucleic acid

ROS Reactive oxygen species

RP-HPLC Reverse phase-high performance liquid chromatography
RT Room temperature

RT-PCR Reverse transcription-polymerase chain reaction
Runx2 Runt-related transcription factor 2

SD Standard deviation

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SO Safradin-O

Sox9 SRY-box 9

TBST Tris buffered saline

TEM Transmission electron microscopy

TGF-p Transforming growth factor 3

THP-1 MoM THP-1 macrophage cells

TLR Toll-like receptors

TMG Transmembrane Gla proteins

TNFo Tumour necrosis factor o

TPP Tripolyphosphate

ucGRP Undercarboxylated GRP

UCMA Upper zone of growth plate and cartilage matrix associated
protein, former unique cartilage matrix associated protein

ucMGP Undercarboxylated MGP

ucOoC Undercarboxylated OC

VEGF Vascular endothelial growth factor

XXXii



VKDP
VKOR
VKR
VSMCs
WHO
Wnt
YP
YLD

Vitamin K-dependent protein
Vitamin K epoxide reductase
Vitamin K reductase

Vascular smooth muscle cells
The World Health Organization
Wingless/Int

Amentadione

‘Years lived with disease’

XXXili



XXXIV



Chapter 1

General introduction

© Nuna Araujo



Chapter 1 — General introduction




Chapter 1 — General introduction

Chapter 1 — General introduction

This introductory chapter includes a brief description and contextualization of osteoarthritis
(OA), describing OA physiopathology, diagnosis and epidemiologic state. It outlines the
interplay of inflammation and ectopic calcification in the progression of the disease and the
necessity for new therapeutic approaches for this common complex degenerative condition, and

reviews the stated approaches to circumvent the pathology and to study OA.

1.1 Chronic Inflammatory Diseases (CID) and Osteoarthritis

According to The World Health Organization (WHO), chronic inflammatory diseases (CIDs)
are the most significant cause of death worldwide, being identified as the major threat to human
health (1). The prevalence of diseases associated with chronic inflammation is anticipated to
increase for the next 30 years, and presently, 3 of 5 people die due to CIDs. Among them,
osteoarthritis (OA), arthritis, cardiovascular diseases (CVD), chronic kidney disease (CKD),
diabetes, neurodegenerative disorders and cancer are leading causes of death and disability,
globally (2).

Inflammation is part of the organism mechanism of protection that can be either
manifested as acute, starting rapidly and becoming severe in a short period of time, or as
persistent, evolving for a chronic state. Chronic inflammation is usually referred as a slow and
long-term inflammation, lasting for several months to years and might lead to organ
dysfunction, incapacity and life risk (2).

Osteoarthritis is the most common chronic degenerative disease of the joint, that
compromises life quality and can cause disability. Although the disease pathophysiology is still
not totally unveiled, it is accepted that the trigger of OA may be multifactorial and that
inflammation has an important role in the initiation, progression and severity of OA, as it is
implicated in a wide range of biomechanical alterations and immune responses (2-3). There are
several risk factors associated with OA, such as gender, obesity, age, genetic profile and
mechanical factors (5). OA is considered a whole joint disease, affecting many tissues of the
articulation, including subchondral bone, cartilage, ligaments and the synovium, and all are
intervenients in the complex process of joint remodeling and degeneration. There are some

histopathological features that are commonly present during the development of the disease,
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such as the articular cartilage damage, subchondral bone sclerosis and osteophyte formation,
joint capsule hypertrophy and periarticular muscle dysfunction, as well as inflammation of the

synovium (5).

1.2 Osteoarthritis epidemiology: a state of the evidence

Osteoarthritis epidemiology has faced an income of data deriving not only from recent clinical
studies approaching osteoarthritis patients, but also from world organisations that have been
putting a lot of efforts and resources on reporting and sensitizing for this pathology. The
evolution of modern health-care systems and the increasing insights into the pathogenesis of
pain in osteoarthritis, boosted its diagnostics and consequently the medical reporting. It is
important to note, however that although there are considerable and recent data regarding this
pathology, the estimates of osteoarthritis are still quite far from the reality, and do not estimate

the true dimension of the problem (5-6).

Despite the global efforts of some of the most relevant organizations regarding this
matter, as the Centre for Disease Control and Prevention (CDC) (8), the Arthritis Foundation
(AF) (9) and World Health Organization (WHO) (10), osteoarthritis does not feature in global
strategic plans for non-communicable diseases, even though commonly coexists with heart
disease, diabetes, and mental health problems and can worsen the morbidity and mortality
associated with these conditions (10-12). This can be partially explained by the fact that OA
does not result in direct death, despite its significant impact on life quality. Due to the fact that
measuring non-fatal health loss is one of the most complex endeavors in population health
research, the disease is still an under-recognized chronic condition and generally neglected
(11,13).

Adding to the imprecise accounting of this pathology, it is also important to note that
both reported prevalence and incidence rates vary across studies, due to the various definitions
of OA that are used: symptomatic, radiographic, self-reported, or doctor diagnosed. In general,
prevalence estimates for symptomatic OA tend to be lower than radiographic OA as its
diagnosis is defined by a combination of symptoms such as pain and stiffness, and radiographic
(15). A systematic review showed that the reported prevalence of osteoarthritis in individual
studies depended on the definition of osteoarthritis used, as well as on the age categories,

countries of origin, and sex distribution of the study population (16). Also, patients with



Chapter 1 — General introduction

osteoarthritis frequently report that their concerns are underestimated, delaying or disregarding
osteoarthritis diagnosis (17).

Global changes of demographic structure and lifestyle are affecting the epidemiological
data in general and pointing the society for the true life-impact of this pathology. The trends to
having an elderly population, the higher rates of obesity observed worldwide along with
increasing numbers of joint injuries are the main reasons. Additionally, social determinants,
access to health care, all have impacts on the raising of the disease burden, particularly in high-
income countries (6). This can be seen in the latest results from WHO Geneva 2020 report (18).
While in 2000 OA was considered the 17" highest cause of “years lived with disease’ (YLD)
in the whole world, in 2019 it climbed the rank to the 13" position demonstrating the growing
health impacts on society.

Parallel to WHO reports, the Global Burden of Disease (GBD) project has been a
remarkable contributor of data and statistics for osteoarthritis, in recognising the importance of
OA to population health and health systems globally. Safiri et al. made a practical and recent
review, covering only the OA data from the most recent GBD report from 2017 (19). Although
Spanish and UK general practice registry data have been used to report on the incidence of
osteoarthritis in the general population (19), the GBD project not only estimates the most
reliable global incidence, but also the prevalence of OA, covering a total of 195 countries in its
study (19-20). Results from the GBD study showed that, from 1990 to 2017, there was a 102
% increase in crude incidence rate of OA (21-22).

Recent data registered 41,5 million new OA diagnostics, with women being
disproportionately affected by the condition (23), namely 24,4 million of womento 17,1 million
men. Nearly 18 million YLD were due to OA, and regarding the disability-adjusted life years
(DALYs), equivalent of one year of full health, the numbers reported were around 1 million
cases for both sexes which reflects the burden of this disease in the everyday life (24). Another
relevant data from GBD report showed that musculoskeletal disorders were the first cause of

YLDs in comparison to 21 other cause categories, including 354 diseases and injuries (24).

Clinically, the knee is the most common site of osteoarthritis, followed by the hand and
hip. This was confirmed by 2019 GBD data, where osteoarthritis affected 7 % of the global
population, around 527 million people worldwide, with knee osteoarthritis having a substantial
account for this number with 4 %, followed by hand osteoarthritis with 1.9 % and hip
osteoarthritis with 0.44 % (23).

Despite the more accurate data, a limitation of GBD report regarding OA is important
5
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to note. It estimates largely hip and knee OA, since these are the common sites of OA in larger
joints and considered the cause of the greatest disability. Furthermore, the GBD study 2017
only included the symptomatic knee OA, radiologically confirmed, which tended to collect
relatively late cases, due to the discordance between symptomatic and radiographic changes
(19).

A recent systematic review and meta-analysis estimated the global prevalence of knee
OA based on 9,440,250 participants from 34 countries. Their results showed that global
prevalence of knee OA was 22.9 % in individuals aged 40 and over. The continent with highest
prevalence of knee OA was Africa 21.0 %, followed by Asia with 19.2 %, Europe and North
America had a prevalence of 13.4 % and 15.8 %, respectively (25). This supports the growing

tendency of OA in low-income and lower middle-income countries (25).

Several observational and interventional studies have showed in a smaller scale the OA
burden, perceiving how the global estimates continue to underscore its position as a leading
cause of disability worldwide. Wallace 1J et al. demonstrated that the prevalence of knee OA
has doubled since the mid-20th century in the United States (26).

In Portugal, a 2005 national report of an observational study about the most prevalent
chronic diseases, identified that 24 % of the participants reported suffering from some form of
rheumatic disease (27). Other important data is presented by the Observatorio Nacional das
Doencas Reumaticas in 2010, where estimated radiographic knee osteoarthritis in subjects older
than 40 years, was 56.9 % in men and 57.7 % in women; radiographic hip osteoarthritis was
54.8 % in men and 24.5 % in women. In 2013, Liga Portuguesa Contra as Doencas Reumaticas
estimated that 6 % of the Portuguese population had the disease (28). More recently, Branco et
al. conducted a study (29) with 10661 participants, where the prevalence for knee OA was 12.4
%, hand OA was 8.7 % and hip OA was 2.9 %. They concluded that musculoskeletal diseases
are highly prevalent in Portugal and are associated not only with significant physical function

but mental health impairment, leading to greater consumption of health resources.

Over the years many studies have investigated the association between knee OA and
premature mortality, leading to conflicting results. This is mostly due to differences in OA
diagnostic. For instance, Kluzek et al. (30) published results based on a cohort population of
821 Caucasian women, showing that knee pain, with or without radiographic OA, was
associated with premature all-cause and cardiovascular (CVD) specific mortality. In 2019, a
study with a community-based cohort including Afro American and Caucasian adults >45 years

of age, included 4182 participants with nearly 15 years of follow-up, in which 1822 deaths
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occurred (31). An analysis by Turkiewicz et al. (32) using a large database from the Swedish
Healthcare Register also showed an increased risk for cardiovascular death for knee and hip

OA patients with a doctor-diagnosis, during 9-11 years of follow-up, respectively.

Anrthritis is a serious disease resulting in enormous societal and personal impact.
Combined, these studies call for improved strategies to decrease OA global burden, and more
important, they point into the direction that OA contributes to an unfavourable clinical outcome
due to limitations in physical function and activity.

Musculoskeletal disorders, including OA, are highly prevalent and are expected to
increase worldwide (33). Because of its function-impairing nature, its impact on society is quite
substantial both in terms of its epidemiology and its economic effect. In fact, the health-care
costs, together with the personal costs for patients with osteoarthritis, such as loss of income
and the subsequent reductions in personal savings, greatly surpass the direct health-care costs
(34).

OA is a major public health challenge, and an increasing burden in most countries. It is
expected to continue with increased life expectancy and ageing of the global population.
Improving population and policy maker awareness of risk factors, including overweight and
injury, and the importance and benefits of OA management, together with providing health
services for an increasing number of people living with OA, are recommended for management

of the future burden of this condition.

1.3 Osteoarthritis diagnosis

Currently, the diagnosis of OA is generally made by medical history, physical examination of
the affected joint and radiographic evaluations. Except in the advanced stages, there is usually
uncertainty about the diagnosis of OA. The American College of Rheumatology (ACR)
developed criteria for the classification of Knee osteoarthritis in 1986, and later for
osteoarthritis of the hand and hip. These criteria, combines clinical and radiological data and
have since, been routinely used in all clinical and epidemiological studies on osteoarthritis and

are now a fully accepted standard (33-34).

Regarding the assessment of osteoarthritis severity, two of the most widely used
radiographic classification systems are the Kellgren and Lawrence (KL) system and the
Osteoarthritis Research Society International (OARSI) atlas criteria. The OARSI classification

;
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system is considered more suitable for categorizing joint space width, whereas the KL system
Is used to assess the overall OA status of the joint. Kellgren and Lawrence (37) published a
method of grading osteoarthritis of the knee in 1957 (Table 1. 1), which has been widely used
in clinical and epidemiological studies to categorize the status of the joint. The KL classification
system grades OA from a 0, in which O corresponds to healthy joints and 4, to end stage OA
(Table 1. 1), and the most adequate treatment for each OA patient is defined according to the
obtained classification degree (38). However, some authors have questioned its validity, as it
relies mainly on the presence of osteophytes and does not adequately assess the importance of
the joint space impingement (39). Also, OA may be developing silently at early stages, without
the typical symptoms and radiographic changes manifestations, and the articular cartilage

destruction may become irreversible during that subclinical phase (40).

Table 1.1 Grades of Radiological Osteoarthritis (Adapted from Kellgren and Lawrence (35).

GRADE FEATURES
0 Absence of osteophytes
1 Minimal osteophytes and joint space narrowing
2 Minimal osteophytes, possible joint space narrowing, cysts and sclerosis
3 Moderate, well-defined osteophytes with definitive joint space

narrowing, sclerosis and possible bony deformity

4 Severe OA with large osteophytes, marked joint space narrowing,
sclerosis and definitely bony deformity

The principal clinical manifestations of this pathology are joint pain, limitation of
movement, crunching and occasionally, variable degrees of swelling or even synovial effusion
(14,39). Other signs and symptoms are joint deformity and malalignment, instability and
stiffness of the joint. The most frequently affected joints are the knees, hand, hips and small
joints of the spine as well as of the foot. The clinical expression is highly variable depending
on the joint affected and the time of disease progression. Although the course is usually slow
and progressive, patients often suffer painful exacerbations triggered by trauma, overload,
periarticular complications or blockages due to meniscal degeneration or articular free bodies
(42).
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Except in the inflammatory phases, the usual blood tests in patients with primary OA
show normal results (43). The erythrocyte sedimentation rate (ESR) is part of the routine
general analysis carried out and it allows to distinct between conditions of inflammatory origin
from those of mechanical origin, where the acute phase reactants are within the limits of
normality or slightly elevated. In primary OA, the analytical determination of C-reactive protein
(CRP) does not provide any additional data, and present normal values (44). In inflammatory
phases, a moderate elevation of ESR and/or CRP may be detected. Blood tests can be an

important tool to confirm or rule out metabolic causes (45).

Normal radiography remains the imaging technique of first choice in the study of
patients with OA, as the characteristic tetrad of OA consists of joint space impingement,
marginal osteophytes, subchondral bone sclerosis and subchondral geodes. In early stages, only
discrete joint impingement or isolated osteophytes may be seen. In advanced stages there is
irregularity of the subchondral bone, even with direct contact between adjacent cysts, severe
subchondral sclerosis and misalignment of the joint axes, with joint deformity (Figure 1.1)
(46).

CONTROL

lE DEFORMITY

JOIN SPACE NARR:

Figure 1.1 Radiographs of healthy (Control) and Kellgren-Lawrence (KL) osteoarthritic knees
(OA). Radiographs of the osteoarthritic knee (KL, grade 4) reveal the presence of osteophytes,
joint space narrowing, sclerosis and bony deformities (adapted from (45)).

The correlation between radiological alterations and clinical manifestations (basically

pain and stiffness when starting movements) is not always as expected and depends on the
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joints studied, being higher in knees, hips and lumbar spine, and low in hands and cervical spine
(47). Occasionally, additional imaging tests are necessary to complete the study and confirm or
exclude the findings obtained by radiology. Ultrasound is a useful technique for the study of
frequent complications in OA, especially to confirm the existence of popliteal Baker cysts and
of synovial effusion. Ultrasound is a useful technique with precise indications and is also able
to detect intra-articular free bodies, sometimes suggesting synovial chondromatosis (48). Bone
scintigraphy and Computed Axial Tomography (CT) may be indicated in the case of suspected

occult bone lesions (49).

Overall, clinical history, physical examination and radiology are usually sufficient for
the diagnosis, staging and prognosis of patients with OA. In cases of suspected secondary OA
of metabolic origin, laboratory studies may be useful. In rare cases, more sophisticated
techniques are required (50). Arthroscopy, with or without synovial biopsy, is useful in cases
of suspected intra-articular free bodies, synovial chondromatosis or meniscopathy. In these
cases, the procedure also has therapeutic applications, as it allows removal of foreign bodies or
regularization of the meniscal surface, and induces a clinical improvement in many patients,

sometimes for a long time (51) .

Given the slow clinical and radiological progression of OA, biochemical markers of OA
activity and progression would be highly desirable. These markers would have prognostic value
and would also allow the effectiveness of anti-osteoarthritic drugs to be monitored. To this end,
the levels of some degradation molecules derived from cartilage degeneration and synovial
membrane inflammation have been studied, yet advances in the field of OA biomarkers still
remain challenging (52). Several OA biomarkers are recognized, but most of these molecules
represent advanced stages of OA and only a few, early stages of the disease (53). Since OA is
believed to start at cartilage level, markers of cartilage damage are considered of most
importance to reveal early OA stages (52). Serum cartilage oligomeric matrix protein (COMP)
Is representative of cartilage turnover, and it was associated with increased severity of OA.
Col2al has been associated with articular cartilage damage, and one of the suggested early OA
biomarkers is urine C-terminal cross-linked telopeptide of type Il collagen (CTX-II), marking
joint damage and increased risk of rapid OA progression (54). Indeed, higher urine levels of
CTX-11 may be linked to stage 1 of the KL classification system (54). Nevertheless, the question
whether urine CTX-11 levels are exclusively a cartilage degradation biomarker is still uncertain.
Matrix metalloproteinases (MMPs), such as MMP13, that regulates enzymatic cartilage

extracellular matrix degradation, have been related with patients with OA (55). Also,
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biomarkers studied for synovial inflammation such as glucosyl-galactosyl-pyridinoline (Glc-
Gal-Pyd) are correlated with synovial membrane damage.

Recently, proteomics investigation showed that cartilage acidic protein 1 (CRTACL) is
a promising biomarker in the diagnose and in estimating severity in hand, hip, and knee OA
(55-56). Additionally, structural variations of glycosaminoglycans from the extracellular
cartilage matrix were shown to differentiate OA from non-OA cartilage, and C-reactive protein
metabolite (CRPM) and collagen metabolites may help discriminate subsets of OA patients
(58).

Along with an early diagnosis, OA prevention may be considered to improve the global
state of the disease. OA prevention should be directed towards avoiding modifiable risk factors
such as obesity, repetitive stress on the same joint or severe joint trauma. Excess body weight
increases the mechanical load on the joints, altering joint biomechanics and causing increased
stress and suffering in the joint. In this context, it is important to focus on diet in obese patients
as an appropriate measure to prevent degenerative joint disease (59). Also, the relationship
between OA of the knees and hand, and jobs involving repetitive and constant movements of
these joints is well documented (60).

1.4 Pathophysiology of osteoarthritis

The pathogenesis of osteoarthritis is complex and involves mechanical, metabolic and
inflammatory factors, which ultimately result in structural modifications and failure of the
articular synovial joint. Synovial joints are constituted by articular cartilage, ligaments,
subchondral bone, periarticular muscles and a synovial cavity, filled with synovial fluid and
surrounded by an outer and inner fibrous membrane (Figure 1.2). Articular joints are
responsible for the bone movement and load absorption, and during OA development, a
dynamic imbalance occurs between the damage and repair of joint tissues, with emphasis on

the articular cartilage, and culminating in the articulation failure.
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Articular Cartilage £ e Joint Capsule
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Figure 1.2 Schematic representation of the main articular joint constituents: articular cartilage,
joint cavity, joint capsule, synovial fluid, synovial membrane, meniscus, bone and bone marrow
(adapted from (60)).

Articular cartilage is a thin connective tissue comprising the articular joint at the end of
two bones, responsible for a low friction surface for articulation and for minimizing the impact
of mechanical forces. This function is facilitated by a layer of proteoglycan lubricin and
hyaluronic acid on the articular surface, substances produced by both chondrocytes and
synovial cells. Chondrocytes is the unique cell type present in the cartilage, organized within a
three-dimensional extracellular matrix (ECM), composed of a collagen network, predominantly
of collagen type 1l (Col2al) (61) and proteoglycans, mainly aggrecan (62). Chondrocytes are
responsible for maintaining the matrix components, by synthesising glycosaminoglycans
(GAG), proteoglycans and other non-collagen molecules. At the cartilage, the 3D organization
of the matrix components in the superficial layer and the high content of proteoglycans
contribute to the absorption of the mechanical impact (63). Cartilage is an avascular tissue, and
the oxygen and nutrients required are available from the vascular supply in the joint capsule,
synovium and subchondral bone. Mechanical load is necessary for cartilage homeostasis, as it
induces fluid movement between the cartilage and the synovial fluid, promoting the diffusion
of molecules across cartilage, enabling its nutrition (64). The cartilage tissue is heterogeneous
in its composition and physical characteristics, with the thickest part of articular cartilage being

non-mineralized, whereas the thinnest and deepest tissue layer, the interface with subchondral
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bone, being characterized by hypertrophic chondrocytes, able to express high levels of Col10al
and suitable to be calcified (Figure 1.3) (65). The non-mineralized cartilage can be divided into
three distinct zones: the superficial, the intermediate and the radial. Each cartilage zone is
characterized by distinct ECM composition and organization, as well as by different phenotypic
and gene expression patterns of the resident chondrocytes (Figure 1.3) (66).Chondrocytes
differ in their phenotype and distribution over the cartilage, being larger and with a hypertrophic
appearance in the deep subchondral bone zone, and more flattened or fibroblastic-like, in the
superficial zone (Figure 1.3) (67). In a non-stressed steady state, chondrocytes are quiescent

cells and there is very little turnover of the collagen network.

Cartilage
= Superficial Zone

Cartilage
Intermediate Zone

Cartilage
Radial Zone
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Figure 1.3 Schematic representation of healthy cartilage organization. Each cartilage zone has
a distinct chondrocyte phenotype and organization. (Adapted from Martel-Pelletier et al.
(301)).

Cartilage is a complex specialized structure, and in cases of OA, various cellular
changes take place, disrupting the delicate balance of cartilage homeostasis. During OA
progression, in the attempt to keep the equilibrium between catabolic and metabolic factors,
chondrocytes are ‘activated’ to a catabolic phenotype, adopt a hypertrophic state and become
apoptotic, in case of severe OA. Hypertrophic chondrocytes produce less GAGs, reducing the

hydrostatic pressure within the ECM and therefore increasing cartilage vulnerability to wear-
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and-tear-induced injuries to the collagen network. Any disturbance in the collagen complex is
not able to be repaired and compromises ECM integrity (66). In response to ECM disruption,
chondrocytes exhibit increased synthetic activity and cell proliferation, generating pro-
inflammatory mediators and matrix degradation products, amplifying ECM degradation and
mineralization (5,68) (Figure 1.4). Hypertrophic chondrocytes are responsible for higher
expression levels of matrix metalloproteases (particularly, MMP-1 and MMP-13), a disintegrin
and metalloproteases with thrombospondin motifs (ADAMTS-4 and ADAMTS-5), runt-related
transcription factor 2 (Runx2), type X collagen and interleukin (IL-1pB), all contributing to
cartilage degeneration with implications on its integrity (69). The maintenance of articular
chondrocytes in a mature state, without undergoing hypertrophic differentiation and apoptosis,

is therefore a way to avoid or at least delay any cartilage imbalance and consequently cartilage

degradation.
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Figure 1.4 The pathogenesis of OA. In response to various stimuli in osteoarthritis (OA),
chondrocytes undergo phenotypic changes and express mediators that initiate a destructive
cycle of cartilage degradation. Inflammatory factors reach the synovium and trigger an
inflammatory process, leading to the production of more inflammatory factors by synovial
macrophages and fibroblasts, potentiating the inflammatory event and the cartilage destruction.
IL-1, interleukin-1; MMPs, metalloproteinases; OA, osteoarthritis (adapted from (69)).
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Interaction between cartilage, synovium and bone in AO

Endochondral ossification is a natural process of mammalian bone growth, a
physiological process required for bone formation from cartilage scaffolds, that are gradually
replaced by bone. Mesodermal cells are converted into cartilage-producing cells before bone
formation begins. It involves chondrocyte and osteoblast differentiation and tissue
vascularization (62). In both situations, OA and endochondral ossification, hypertrophic
chondrocytes stimulate invasion of cells from the subchondral bone (70). Vascular invasion
occurs concomitantly, osteoblasts and osteoclasts become activated and start to replace

cartilage with bone tissue, generating a sclerotic bone phenotype.

From a molecular perspective, during endochondral ossification, chondrocytes
proliferate, with some undergoing hypertrophy, characterized by an increase in cell size and
changes in gene expression. Runx2 is a critical transcription factor involved in the
differentiation of hypertrophic chondrocytes. It regulates the expression of genes associated
with osteoblast differentiation, extracellular matrix remodeling and mineralization. Bone
morphogenetic protein 2 (BMP2) is a member of the transforming growth factor-beta (TGF-f)
superfamily and plays a crucial role in endochondral ossification. BMP2 promotes chondrocyte
hypertrophy, stimulates the production of matrix-degrading enzymes, and induces the
expression of osteogenic markers. The Wnt signaling pathway, particularly the canonical
Wnt/B-catenin pathway, is implicated in endochondral ossification. Activation of this pathway
influences chondrocyte differentiation, matrix remodeling, and bone formation. Wnt ligands
bind to cell surface receptors, leading to the stabilization and translocation of B-catenin into the
nucleus, where it regulates gene expression. As hypertrophic chondrocytes progress, they
undergo a process of mineralization or calcification. This involves the deposition of
hydroxyapatite crystals, primarily composed of calcium and phosphate, within the extracellular
matrix. The precise mechanisms underlying calcification are complex and not yet fully
elucidated, but it is believed to involve the release of matrix vesicles (MVs) from hypertrophic
chondrocytes. These MVs provide nucleation sites for mineralization and promote the
deposition of hydroxyapatite crystals. Understanding the interplay between these factors,
Runx2, BMP2, Wnt/B-catenin signaling, and the process of calcification by matrix vesicles can
shed light into the differentiation and calcification processes within hypertrophic chondrocytes,

both in normal situations and in the context of conditions like osteoarthritis (OA).
In OA, this process of bone remodeling and repair lead to the development of
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subchondral bone resorption and to bone core damages, reducing its main supportive function.
Additionally, deregulation of chondrocyte function and ECM degradation, stimulates the
adjacent synovium. During the inflammatory process of synovitis, cytokines, adipokines and
damage-associated molecular patterns (DAMPS) attach to the synovial membrane, activating
fibroblast-like synoviocytes proliferation, that along with synovial macrophage recruitment,
secrete additional pro-inflammatory cytokines and chemokines, which sustain inflammation
and contribute to cartilage degeneration and subchondral bone changes, in a cyclic way (71).
Cytokines interleukin 1 (IL-1B) and tumor necrosis factor a (TNFa) can activate ECM
degeneration by activation of toll-like receptors (TLRs), expressed by chondrocytes. The
activation of such receptors, increase the expression of downstream inflammation-related genes
via nuclear factor kappa B (NF-«B) signalling, including MMPs and NOS, intensifying the
cartilage degeneration (66). Furthermore, synovium lymphocytes induce the production of
chemokines by synovium fibroblasts and chondrocytes (66), through the increase of IL-15 and
IL-17 levels. At the articular cartilage, an inflammatory cascade is activated through nuclear
factor kappa B (NF-kB), stress-induced and mitogen-activated protein kinase (MAPK)
pathways, which also triggers matrix degradation via MMPs, in particular MMP-13, nitric
oxide synthase 2 (NOS-2), Ciclo-oxigenase-2 (COX-2), hypoxia-inducible factor 2a (HIF-2a)
and ADAMTS-4,5 (5). NF-«B also indirectly contributes to premature chondrocyte
differentiation, by regulating Wnt/B-catenin and Runx2 signaling. In fact, NF-kB has a pivotal
role in regulating inflammatory processes, chondrocyte and osteoclast differentiation and

activation, making it a therapeutic target in OA treatment (65).

As a result of ECM remodeling and increased chondrocyte apoptosis, also secretion of
reactive oxygen species (ROS), prostaglandins (PG) and nitric oxide (NO) occurs, generating
oxidative stress. ROS and other catabolic metabolites activate the innate immune response
through the complement cascade, one of the major effector mechanisms of immune system

activation in OA, complementing the antibodies and phagocytic cells systems (72).

Ultimately, subchondral bone also undergoes profound structural variations in OA,
experimenting excessive and repetitive mechanical stress. Hypertrophic chondrocytes express
vascular endothelial growth factor (VEGF) to sustain the process of endochondral bone
remodeling. Osteophyte formation, on the other hand, emerges as an effort to restore proper
mechanical loading through the mechanism of endochondral bone formation. This response is

stimulated by the release of TGFp and BMP2 from synoviocytes and chondrocytes (73).

Thus, among the various tissues present and significant to the joint function, there is

16



Chapter 1 — General introduction

cross talk that promotes and amplifies the inflammatory and degenerative outcome by
aggravating cartilage degradation, the appearance of osteophytes and synovial fibrosis (74).

1.4.1 The inflammation and pathological calcification synergy in the
development of OA disease

Calcification can range from physiological to pathological, associated with uncontrolled
mineralization of soft tissues, including articular cartilage. The trigger to pathological or ectopic
mineralization of soft tissues is not completely disclosed: aging, genetics, ECM alterations,
calcium, dysregulation of phosphate (Pi) and pyrophosphate (PPi) metabolism, hypertrophic
differentiation of articular chondrocytes, cell apoptosis, modulation of growth factors,
inflammatory mediators, may be included as potential calcifying promoters (75-76). The
balanced interplay between mineralization inhibitors and mineralizing promoters, must be
highly regulated, enabling calcification at physiological sites, but preventing initiation and
intensification of pathological calcification process to avoid excessive and uncontrolled mineral
deposits (77). When these regulatory mechanisms fail, inappropriate mineralization of soft
tissues occurs, and ectopic mineralization causes a range of disorders not only in cartilage, but
also in other parts of the body, including arteries, skin, muscles and kidney. Abnormal
calcification of connective tissues is associated with a chronic low-grade pro-inflammatory
state in age-related diseases such as cardiovascular disease (CVD), kidney disease and
osteoarthritis (OA). In the case of OA, this ectopic calcification occurs mainly at the level of
the joint cartilage (78), but is also observed in other OA joint soft tissues such as the meniscus,
synovium and tendons. Ectopic calcification initiation might be associated with matrix vesicles
(MVs), secreted from hypertrophic chondrocytes within the ECM. Calcium crystals are formed
inside MVs and then proliferated to the matrix (77). At the core of this mineralization are, in
addition to hydroxyapatite crystals [Cai0(PO4)s(OH)2] also present in physiological
calcification, other types of calcium-phosphate crystals. In the situation of high Pi
concentrations and low PPi, the formation of basic phosphate crystals (BCP) is prevalent, while
the presence of high levels of PPi promote the formation of calcium pyrophosphate di-hydrate
(CPPD) crystals and inhibit the nucleation of BCP crystals (75). The cartilage damage by
calcium phosphate crystals is observed and confirmed by the presence of more than 80 % of
BCP crystals in the osteoarthritic cartilage. Nevertheless, whether BCP crystals act as initiators,
as intervenients in the progression of OA, or as an outcome of cartilage damage at a late stage
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of the disease, has been debated. Apart from that, there are evidence that pathological
calcification is closely correlated with the extent of joint destruction in OA (79-80), and that
cartilage calcification occurs as an active process in promoting crystal-induced stress (76, 81-
82). Moreover, calcification modifies cartilage integrity and homeostasis, as calcium-
containing crystals, after being cell internalized via endocytosis or phagocytosis, have a direct
effect on chondrocytes and synoviocytes. They stimulate synoviocytes proliferation and
potentiate the production of inflammatory cytokines. As mentioned before, IL-1p and TNFa
stimulate the synthesis of ROS and prostaglandin E2 (PGE2), involved in the promotion of
inflammatory mediators and MMPs, potentiating the process of articular inflammation,
cartilage degradation and chondrocyte activation and death (83-84). In turn, apoptotic cells are
able to release proteolytic enzymes and pro-mineralizing apoptotic bodies likely to enhance
crystal-induced stress, that will aggravate cartilage degradation and potentiate ectopic

calcification, in a vicious sequence (Figure 1.5) (81).
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Figure 1.5 Mineral and inflammatory agents in the OA pathologic cycle, at cartilage level.
Calcium-containing crystal (basic calcium phosphate, BCP, and Calcium pyrophosphate
dehydrate, CPPD) stimulate the proliferation of synoviocytes and activation of chondrocytes,
enhancing the production of inflammatory cytokines. This process intensifies articular
inflammation, cartilage degradation and further pro-mineralizing apoptotic bodies release, in a
damaging cycle.

1.5 Prevention and treatment of Osteoarthritis

There is no curative therapeutic approach for OA and the treatment available must be
individualised and varies according to the joint affected, in the sense of relieve pain, improve

functional capacity and prevent progression of the disease. Overall, osteoarthritis therapy
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should be carried out in a stepwise manner, initially with preventive and non-pharmacological
measures, then with the addition of drugs and, in the event of a lack of response, by resorting
to surgery (85).

Non-pharmacological approaches include the application of preventive measures to
pursuit of what has been called "joint economy”. It might require a lifestyle change, including
rehabilitation to facilitate healthy body composition, moderate physical activity, and the
optimization of an appropriate nutraceutical treatment (86-87).

Available pharmacological treatment is mainly directed to symptoms relief, which is
characterized by analgesics or anti-inflammatory drugs as a first choice, depending on the
intensity of pain and co-morbidity (88). Weak opioids such as tramadol are very commonly
used alone or in combination with paracetamol, reserved for cases where anti-inflammatory
drugs have contraindications. Major opioids can also be very effective, especially transdermal
fentanyl, in some cases of severe pain (89). Non-steroidal anti-inflammatory drugs (NSAIDs),
usually coxibs, are generally recommended to be used for as short time and at the lowest
possible dose because of the digestive and cardiovascular risks (90). Coxibs may have fewer
toxic effects on the gastrointestinal track, as they are selective cyclo-oxygenase inhibitor drugs
of the type 2 (91). Slow-acting drugs for symptomatic relief of osteoarthritis (SYSADOAS),
include glucosamine, chondroitin sulphate and diacerein, and act by providing nutrients for
matrix synthesis by chondrocytes, yet none of these have been recognised as an osteoarthritis
modifying drug (92). Topical analgesics, such as capsaicin, blocks the pain stimuli (93) and
local injections of intra-articular administration of corticosteroids is indicated in patients with
joint effusion in large joints or severe pain refractory to oral treatment (94). In addition,
viscosupplementation with intra-articular hyaluronic acid has a dual effect, acting on the one
hand as a joint lubricant and on the other as a cartilage trophic factor (95).

Surgery is indicated primarily for patients with severe symptomatic osteoarthritis whose
pain has not responded to medical treatment, who have severe pain at rest and who have
increasing limitations in activities of daily living. With the surgery intervention, it is expected
to restore the joint function and produce a regression of cartilage, bone and synovial lesions. It
is not only used as a last resort, when all other therapies have failed, but in certain cases, it

slows down the process in the early stages (96).

Currently, research has been focused on new techniques to replace damaged parts or
replace them by regenerating cartilage. Among the surgical options available to treat deep

chondral lesions are bone marrow stimulation techniques, chondrocyte therapies of
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implantation of autologous chondrocytes, and tissue replacement therapies such as

osteochondral autologous transplantation (97).

With the development of cell therapy, experiments are being carried out that seek the
regeneration of certain tissues/areas. In the case of osteoarthritis, adipose cells derived from
rabbit stem cells have been studied and used to see if it is possible to attenuate the progression
of synovial activation and joint destruction (97). The implantation of autologous chondrocytes
allows to generate cells that are capable of synthesizing type | collagen, combating cartilage
damage, in vitro. Currently, despite the anticipation that the generated cartilage would be
identical to the original, it exhibits altered functionality, displaying reduced resistance and
increased susceptibility to damage. To circumvent this limitation, non-degradable matrix
formats, such as polylactic acids (PLA) or polyglycholic acids (PGA), are used for
chondrocytes growing before implantation takes place. So far, this technique is only carried out

at the experimental level and on animal models (98).

Advances have been made in cartilage tissue engineering, in the sense of finding a
scaffold that provides adequate biomechanical properties, biocompatibility and a favorable
environment for the cells growing, but it has not yet been possible to obtain the support that
contributes to the cartilage tissue repair and that fully complies with its functions as an
extracellular matrix (99). Many natural and synthetic biodegradable biomaterials have been
studied, and among the materials used are ceramic substitutes (100), nano-hydroxyapatite alone
or combined with other materials (101), acellular cartilage matrices, collagen I, PLA and PGA
biopolymers, alginate, AH, peptide hydrogels, among others (102-103). Although
hydroxyapatite has excellent properties, its use has been limited, since it has presented
mechanical deficiencies (104). Currently, research is being done on materials that behave as
the ECM in cartilage tissue engineering, and among these, chitosan has been a good option
since it has properties such as biocompatibility, biodegradability and non-cytotoxicity. It also
has a high affinity to bone cells, its structure is similar to GAGs (105), and its products of

degradation are involved in the synthesis of joint components (106).

1.6 Prospection of potential active entities in osteoarthritic
inflammation

There is still no drug recognised as an osteoarthritis modifier, despite the many lines of research
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(107). Although there has been some progress in developing new molecules aimed at repairing
cartilage and bone or treating inflammation and pain, there are currently no effective drugs
approved for OA (97), making the search for new potential molecules a priority to address the
growing burden of OA. In this search for new agents, a biochemical marker for clinical use,
indicative of the metabolic activity of cartilage and with the potential to determine different
disease severity profiles, similar to those already available for bone (108), could certainly
facilitate the process. OA can be caused by various factors such as heredity, obesity, trauma,
congenital or developmental anomalies (109) and so, high heterogeneity is expected in the onset
and progression of the disease. Like that, personalised approaches based on validated common
characteristics of OA patients may be helpful in the development of OA models, in the search
of disease-modifying osteoarthritis drugs (DMOADS), or in the determination of the efficacy
of a treatment targeted at OA subgroups. Moreover, OA-specific biomarkers will be critical for
accurately classifying each patient's phenotype to help predict appropriate interventions.
Recently, different metabolic phenotypes were found in healthy, early and late OA cohorts
using mass spectrometry (21,110-111) which may represent a promising step towards

personalised health approaches.

1.6.1 Current models used in the search for new active agents and drug
treatment

Typically, the sequence of the drug development pipeline begins with the isolated/developed
potential active compounds in targeting the underlying pathophysiology of OA, such as
inflammation, cartilage degradation, and subchondral bone changes being tested in 2D or 3D
in vitro disease models. In vitro 2D models allow researchers to control certain variables and
conditions, which can lead to more reproducible and consistent results. They are also relatively
inexpensive and can be used for rapid screening of a large number of compounds. However,
2D in vitro models often do not accurately reflect the complex interactions that occur in vivo,
and the results may not translate well to human clinical trials. Generally, the candidates that
show efficacy without cytotoxicity are further tested in animal models before finally one or two
drugs enter human clinical trials. In vivo animal models allow the interactions between different
tissues and organs in a living system, which can provide a more accurate representation of the
human body. However, in vivo models are more expensive and time-consuming than in vitro
models, and there may be ethical concerns associated with animal testing. Drug development

is indeed a time-consuming and costly process, and most drugs fail in clinical trials, mainly due

21



Chapter 1 — General introduction

to limitations in preclinical testing that can compromise information on safety and efficacy
(112). Moreover, when the clinical phase is reached, traditional drug testing models lack the
individual characteristics of clinical trial participants. Therefore, it is important to
simultaneously invest more in preclinical models that better mimic the OA physiologic context,
develop new approaches to improve and accelerate drug development, and ideally, move
towards a "personalized OA testing approach”. In this sense, it would be very valuable to
validate biomarkers that allow patients to be classified into groups, based on endotypes or
phenotypes. By studying the specific aetiologies and pathologies, drug candidates and test
models could be directed to patient groups, providing a more capable system for the
development of new effective DMOADSs. There is evidence that cell-cell crosstalk between
cartilage, bone and synovium, is a major contributor to the pathogenesis of OA and such
communication is also thought to play a key role in preventing or reversing OA, after treatment.
Multi-tissue physiological models, such as microphysiological systems (MPSs), designed to
replicate the microenvironment in vivo, mimicking the physiological conditions of the target
tissue or organ, can improve the accuracy and relevance of preclinical studies (113-114). Also
explant-based models (115), to study the effects of drugs on multiple cell tissue types
simultaneously, and animal models (116), should have greater power in predicting drug toxicity
and efficacy in clinical trials. In addition, the OA models need to be versatile and able to
generate different types of pathological responses, as more comprehensive tools are needed to
further evaluate OA models and the effect of treatments. Currently, most studies use limited
parameters such as MMP-13 expression, loss of GAG and the presence of pro-inflammatory
cytokines to indicate disease state. However, at least 1500 genes have been found to be
differentially expressed in chondrocytes isolated from intact and damaged areas (117).
Therefore, "omic"-based methods may facilitate future advances, although currently such
studies are rarely conducted when testing DMOADs. Complete characterization of models not
only improves patient classification and provides insight into the accuracy of modelling, but
can also reveal potential harmful or beneficial effects of treatments that cannot be detected by
analyzing the 'known' targets alone. To further validate the models that allow prediction of the
efficacy of novel therapeutic interventions in humans, it is also important to first evaluate the
effects of agents with known clinical efficacy. This validation step justifies moving forward in
the search for new drugs. Ideally, one should start with the 'gold standard"”, i.e. a drug with
recognized treatment efficacy. To date, however, there are no FDA-approved DMOADs, and
numerous late-stage clinical trials have failed to show efficacy (109). We can study the effect

of these failed drugs in the OA models and compare the results with clinical observations.
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Ideally, the effective models should be able to reproduce the deficits of the failed drug. In
conclusion, clinically relevant and personalized models of OA are urgently needed to enhance
our understanding of the pathogenesis of joint diseases in humans and facilitate the discovery

and development of novel drug treatments.

1.6.2 Vitamin K and VKDP’s: Gla-rich protein (GRP), a ‘dual’ mediator in
osteoarthritis

During OA progression, pro-inflammatory cytokines and inflammatory mediators are
overexpressed, contributing to the degradation of articular cartilage, with the accumulation of
specific extracellular matrix (ECM) degradative enzymes. Increased ECM remodeling, along
with chondrocyte differentiation and apoptosis, are responsible for ECM disturbance, resultant
in continuing loss of articular cartilage. In reverse, cartilage degradation potentiates pathologic
calcification, aggravating the pro-inflammatory responses in a vicious cycle of inflammatory
and calcifying stimuli and responses (66,68,118). Comprehensively, since ectopic cartilage
calcification is strongly linked to the progression of OA (76), it is expected that preventing it,
could help to slow or even stop the progression of the disease. As such, inhibitors of
calcification such as vitamin K and the extra-hepatic vitamin K-dependent proteins (VKDPs),
osteocalcin (OC), matrix Gla protein (MGP) and Gla-rich protein (GRP) are being explored as

potential therapeutic targets in calcification-dependent diseases, such as OA (119).

Vitamin K is a lipid-soluble vitamin, that may occur in nature in form of phylloquinone,
vitamin K1, or a series of menaquinones (MKs), designated as vitamin K2. Both forms have a
common core structure, a 2-methyl-1,4-naphthoquinone ring and an apolar isoprenoid side
chain in their chemical structure, that differs in length and degree of saturation (120).
Phylloquinone has one unsaturated bond and contains a phtyl side chain (121). Menaquinones
are composed by a side chain with repeating ‘n’ isoprene residues, and are denominated as MK-
n (Table 1.2) (120-121). Vitamin K vitamers differ in source, absorption rates, tissue
distribution, bioavailability and target activity. While phylloguinones are found in plants, algae
or cyanobacteria, menaquinones (with the exception of MK-4) are produced by bacteria and
majorly obtained nutritionally, from fermented food and liver, and additionally synthesized by
intestinal bacteria (120).

Although K1 is the major type of vitamin K present on a typical western diet, MK-4 is
the major form of vitamin K present in animal tissues (122), accumulated in the extrahepatic
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tissues and resultant from Vitamin K1 interconversion (122). Although vitamin K1 and K2 are
obtained mainly dietary, supplementation is increasing in importance (123). Menadione,
commonly known as vitamin K3, is not a natural form of vitamin K. Instead, it is considered a
byproduct of the breakdown of vitamin K1 and serves as a precursor to tissue MK-4 in

circulation, acting as a pro-vitamin (124).

Table 1.2 Chemical structures of Vitamin K1, K2 and K3. Vitamin K1 contains a phytyl side
chain with an unsaturated bond and vitamin K2 (MK-n), a side chain with repeating isoprene
residues.

Vitamin K1 Vitamin K2 Vitamin K3
(Phylloquinone) (Menaquinone, MK-n) (Menadione)

Chemical
Structure

Source Vegetables Fermented Foods Synthetic

The main biological function associated to Vitamin K, since its first identification (125)
is related with the activation of of hepatic blood clotting factors. Vitamin K acts as a cofactor
for the enzyme y-glutamyl carboxylase (GGCX), in the post-translational modification of
vitamin K-dependent proteins (VKDPs), through the conversion of glutamic acid residues (Glu)
into y-carboxyglutamic acid (Gla) residues, capable of binding calcium and calcium phosphate
mineral (125). In the reaction catalyzed by GGCX, the hydroquinone form of vitamin K is
converted to its epoxide form and further vitamin K epoxide reductase (KO) converts vitamin
K epoxide back to its reduced form (KH>). This cycle in known as the ‘K cycle’ and is catalyzed

by the enzymes vitamin K epoxide reductase and vitamin K reductase (119) (Figure 1.6).

24



Chapter 1 — General introduction

(e}
-
(e}
VKOR QUINONE VKR
> OH
= -
| CH,4 CH,
epoxipe © OH HYDROQUINONE
O
Vi

HO
O
/

OH OH

" Menaquinone (Vitamine K2)

[,

H  Phylloquinone (Vitamine K1)

Figure 1.6 Vitamin K Cycle: the vitamin quinone is reduced to its hydroguinone form by
vitamin K reductase (VKR). During y-carboxylation of Glu residues to Gla residues by vy-
glutamyl carboxylase (GGCX), vitamin K hydroquinone is converted into its epoxide function.
Vitamin K epoxide is further reduced by vitamin K epoxide reductase (VKOR).

Nevertheless, the biological role of this vitamin is now known to be much extensive and

vitamin K has been related with many biological processes and pathological conditions.

Vitamin K may exert its effect directly by affecting skeletal tissue gene expression or as a co-

factor in the post-translational modification of extra hepatic VKDPs (119), matrix Gla protein

(MGP), osteocalcin (OC), Gla-rich protein (GRP), growth arrest-specific protein 6 (Gas6), and

periostin (Postn), contributing to cartilage calcification inhibiting. Despite that, novel roles have
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emerged for vitamin K, independent of its role in VKDPs carboxylation. Vitamin K has been

shown to act also as an anti-inflammatory compound by suppressing of the NF-«xB signal

transduction, and to have a protective effect against oxidative stress by blocking the generation

of ROS (Figure 1.7). Vitamin K seems to be also involved in tumor progression inhibition

(126-129) and transcriptional regulation of osteoblastic and osteoclastic genes (128) .
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Figure 1. 7 Vitamin K in multiple molecular pathways: 1. Vitamin K may exert actions on
skeletal tissues by acting as a co-factor in the y-carboxylation of Glu to Gla residues of
VKDPs (GRP, MGP, OC, ProtS, Gas6, Postn). 2. Vitamin K may act as an anti-
inflammatory agent by suppressing the NF-«xB signal transduction. 3. Vitamin K may affect
cartilage and bone by modulation of downstream signaling pathways ultimately modifying
gene expression. 4. Display a protective role by blocking the generation of ROS. Glu,
glutamic acid, Gla, y-carboxyglutamic acid, IKK, nuclear factor kB kinase, NF-kB, nuclear
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Recently, consequences of vitamin K deficit in human health and molecular aspects of
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the protective role of vitamin K, and its involvement in the interaction between pathological
calcification and inflammatory processes in aging and age-related diseases, have been reviewed
(129). The health benefits of vitamin K are not only linked with blood homeostasis but closely
linked to chronic low-grade inflammatory diseases such as cardiovascular disease,

osteoarthritis, dementia, cognitive loss and mobility loss (129).

In relation to OA, clinical evidence of a preventive role of vitamin K1 was observed in
some pre-clinic studies, with low plasma levels of vitamin K1 being associated with an increase
of OA prevalence and OA progression (132-134). Other clinical studies have demonstrated an
association between low vitamin K1 plasmatic levels and joint cartilage loss (135-136).
Together, these results point out for the role of vitamin K in bone and cartilage health,
specifically in preventing OA and its progression.

VKDPs are characterized by the presence of Gla residues as mentioned before, and 17
different human VKDPs have been identified, divided into hepatic and extrahepatic VKDPs.
Hepatic VKDPs are synthesized in the liver and are essential for regulating blood coagulation,
essentially through bonding of their Gla residues, calcium and negatively charged membrane
phospholipids (137-138). The most relevant hepatic VKDPs are the coagulation factors II, VI,
IX and X, and the anticoagulant proteins C, S and Z. Matrix Gla protein (MGP), osteocalcin
(OC), Gla-rich protein (GRP), growth arrest-specific protein 6 (Gas6), proline-rich Gla proteins
(PRGP1 and 2), transmembrane Gla proteins (TMG3), periostin (Postn) and the enzyme GGCX
are the known extra-hepatic VKDPs. Extra-hepatic VKDPs have a protecting role in the bone
and cardiovascular system, through management of several biological functions, such as bone
homeostasis, ectopic calcification, cell differentiation and proliferation, inflammation, signal
transduction and regulation of energy metabolism (139-141). Three of them have been
specifically associated with calcification processes: OC, MGP and GRP.

OC was the first identified extrahepatic VKDP and is mainly synthesized by osteoblasts
(138). OC is able of modulating the osteoblast and osteoclast activity and has been associated
to the negative regulation of bone mineralization (139,143). OC can bind hydroxyapatite
crystals, and interferes with the mineral maturation rate, while functions as a stabilizer and
regulator of bone matrix (140). Moreover, it has been suggested that serum undercarboxylated
OC (ucOC) has a role in regulating systemic glucose and energy metabolism (145-146).
Osteocalcin has also been related with OA, in the sense that serum osteocalcin levels were
elevated in OA patients and higher expression of osteocalcin in articular cartilage and

subchondral bone has been noticed in human OA joints (143). Vitamin K deficiency was
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associated to the presence of ucOC and serum hyaluronic acid, a marker for synovitis in OA.
Further, ucOC was considered a biomarker for evaluating the pathophysiological condition of
knee OA (144).

MGP is synthesized by chondrocytes and vascular smooth muscle cells (VSMCs), and
plays a beneficial role in vascular calcification and various pathological processes. It is
implicated in the regulation of endochondral calcification, in the control of mineral deposition,
and low levels of MGP have been linked to pathological calcification. MGP was able of
suppressing calcification of the joint and osteophyte formation (145), and to prevent
calcification of vessel walls (146). This VKDP is also involved in the regulation of osteogenesis
and chondrocyte maturation (147), and has shown to modulate angio- and tumorigenesis (152-
154). OA chondrocytes produce mainly ucMGP, while chondrocytes from normal donors
produce functional y-carboxylated MGP and fetuin complexes (150). Fetuin-A is a circulating
hepatic glycoprotein, considered a very important systemic inhibitor of soft-tissue calcification.
Fetuin-A is capable of trapping mineral nuclei into calciprotein particles (CPP), inhibiting
crystal growth and aggregation, while enabling the clearance of calcium crystals from
extracellular fluids (156-157). MGP calcification inhibition is partially based on its direct
calcium crystals binding ability through the Gla residues (153), but it was also proposed to
occur via a fetuin-A-MGP complex present in chondrocyte-released matrix vesicles (MVSs) in
control conditions (150). Also, MGP helps to counterbalance the activity of BMP2 by binding
to it and inhibiting its effects, avoiding osteoblast differentiation and soft tissue calcification
(154). The interplay between MGP, vitamin K, and BMP2 highlights the importance of
maintaining adequate vitamin K levels for proper bone and vascular health. In fact, the lack of
functional MGP in animal models has been shown to originate similar processes as those
occurring in OA (155), and it is most likely that insufficient functional MGP, associated with
inadequate concentrations of vitamin K, potentially play a role in OA, contributing to abnormal
mineralization (156). Elevated levels of dephosphorylated and undercarcoxylated MGP (dp-
ucMGP) were found in individuals with higher propensity to have osteophytes, bone marrow
lesions, subarticular cysts, and meniscal damage. Individuals with very low plasma K1 had
cartilage deterioration and meniscal damage aggravation over time, although dp-ucMGP was
not associated with progression of any OA features (135-136), supporting the possible role of

vitamin K in OA, independent of its function in MGP carboxylation.

In addition to MGP and OC, GRP was recently associated with OA pathophysiology.

GRP was first identified in sturgeon cartilaginous tissue and has an abundant Gla residues
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content, 15 possible Gla residues in case of the human protein (157), contrasting with the 3 to
5 Gla residues present in OC and MGP, respectively. This characteristic confers GRP an
unusually high capacity to bind calcium and calcium mineral. GRP is a circulating protein,
expressed in soft tissues of rats and human. GRP accumulates in skin, vascular tissues, bone
and cartilage of rats, and has been associated to sites of pathological calcification in human,
including blood vessels and skin (163-165).

GRP as a global soft tissue calcification inhibitor

GRP has been identified as a modulator of calcium availability (158), and has
demonstrated to have a crucial role in avoiding ectopic calcification. Like that, this protein has
been related to ectopic calcification-associated pathologies, such as vascular calcification,
cancer and OA. GRP is involved in the prevention of pathological calcification through multiple
mechanisms. GRP is able to establish a direct connection with mineralized tissues by binding
to hydroxyapatite crystals, the primary components of calcified tissues. Also, by binding to
calcium ions, GRP limits their availability for crystal growth both in the circulation and at the
tissue level. Like that, GRP acts as an inhibitor of crystal growth and maturation, thereby

impeding the formation of larger and more mature calcific deposits (160).

Moreover, GRP has shown to be capable of regulating osteo/chondrogenic
differentiation and phosphate-induced mineralisation of VSMCs, as it was involved in
inhibiting BMP 2 expression and its ‘downstream target small mother against decapentaplegic’
(SMAD) in the respective signaling pathway. It was also demonstrated that y-carboxylation of
GRP (cGRP) is required for its interaction with BMP2 (164,166).

Furthermore, studies have indicated that GRP is associated with the mineralization
capacity of extracellular vesicles (EVs). Bone matrix regulatory proteins, such as BMP2,
BMP-4, osteopontin, MGP and OC, are expressed in calcifying vessels (162). In response to
high level of extracellular calcium and phosphate, and an inefficiency calcification inhibition,
VSMCs release EVs with high mineralization capability functioning as nucleation sites for
mineral growth in the extracellular matrix (158), contributing to ectopic calcification. Low
levels of GRP were found in calcifying VSMCs-derived EVs, supporting the notion that
decreased levels of calcification inhibitors in EVs are associated with its increased calcification
potential. By regulating EVs ability to promote calcification, GRP contribute to prevent ectopic
mineralization. GRP is a constitutive component of circulating EVs and CPPs (163), and was
found in a CPP complex with MGP and fetuin-A, known to stabilize minerals (163,169).
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Moreover, higher levels of CPP with lower content of fetuin-A and GRP were associated with
chronic kidney disease (CKD) stage 5 patients, when compared with healthy individuals (165).
CPPs isolated from CKD stage 5 patients increased calcification of VSMCs while pre-
incubation of these CPPs with y-carboxylated GRP rescued VSMCs induced calcification.
Also, in vitro results showed that the formation and maturation of basic calcium phosphate
crystals was highly reduced in the presence of y-carboxylated GRP, fetuin-A, and MGP,
showing the role of GRP as an inhibitory agent to prevent calcification at systemic and tissue
levels (168,171).

These mechanisms highlight the diverse role of GRP in inhibiting ectopic calcification.
Through its direct connection to mineralized tissues, inhibition of crystal growth and
maturation, reduction in vascular cell transdifferentiation, and association with EV-mediated

mineralization, GRP plays a protective role against pathological calcification in various tissues.

GRP in osteoarthritis

GRP participates in several processes during physiological conditions, having a role in the
chondrogenesis, stabilization of cartilage matrix and in inhibiting osteogenesis (172-173). In
the context of OA, GRP interferes with several processes related with the articular cartilage
degradation, bone remodelling, tissue inflammation and extracellular matrix mineralization
(174-175).

GRP may prevent articular cartilage degradation in various ways, as recently reviewed
by M. Stock (119): by blocking aggrecanolysis and the aggrecanase activity of ADAMTS-4 and
-5, that is one of main process of cartilage destruction in OA (174-175), and by reducing
chondrocyte apoptosis. It was observed that chondrocyte death is highly increased in
GRP-deficient mice, reinforcing the protective role of GRP in this process (170), contributing
to ECM homeostasis. GRP also contributes for avoiding cartilage damage by binding cartilage-
associated collagen types Il, IX, and XI with high affinity, sustaining the cohesion of the
cartilage matrix and stimulating its mechanical rigidity (119). Consistently, a recent work from
Okuyan et al. (171) demonstrated that intra-articular injections of GRP in the knee joints of rats

with experimental OA ameliorated cartilage degeneration.

It is established that inflammation precedes the joint structure modification in OA (172).

In vitro results revealed that treatment of articular chondrocytes and synoviocytes stimulated
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with inflammatory interleukin-1p, with cGRP and ucGRP, inhibited inflammation as evidenced
by lower levels of cytokines production and of inflammatory markers accumulation (173).
These results indicate that y-carboxylation is not essential for the anti-inflammatory activities
of GRP, although evidence from preclinical studies have shown a predominance of the
undercarboxylated forms of GRP in cartilage and synovial membrane from OA patients (178-
179). Furthermore, a positive correlation was established between synovial fluid GRP levels in

OA patients and radiographic outcomes and symptomatic severity of OA (175).

Overall, these results show that GRP is a secreted VDKP involved in ectopic
calcification and protects articular cartilage under pathological conditions such as osteoarthritis
and inflammatory arthritis. Additionally, and taking in consideration the outcomes of the
biological activity of cGRP, particularly in the OA context, and the fact that it has been shown
that vitamin K deficiency is a potential risk factor for knee OA (130), it is worthy to consider

vitamin K supplementation as a convenient and inexpensive strategy to prevent or treat OA.

1.6.3 Marine compounds as a promising source of active anti-osteoarthritic
compounds

Osteoarthritis is characterized by gradual loss of joint cartilage associated with inflammation,
resulting in pain, stiffness and restricted movement. The high incidence of diseases in which
inflammation is involved as a pathological entity and the association of adverse effects in many
of the anti-inflammatory drugs commonly used in current medical practice, has guided research
towards the search of new safer and more effective anti-inflammatory molecules. Since ancient
times, products of marine origin have been explored as therapeutic alternatives for the treatment
of numerous pathologies (176). Among these marine resources, algae, sponges, and
invertebrates are known to produce a wide range of bioactive compounds, which may act as
potential anti-inflammatory agents (177). However, despite the efforts, the latest data indicates
that there is currently no active compound from marine sources established for the treatment of
osteoarthritis (178).

Chondroitin sulfate is a sulfated glycosaminoglycan, a compound found in the cartilage
of marine animals, including sharks, that may be bound to proteins and form an agrecan-type
proteoglycan. This is an important structural component of cartilage, as it retains water and
nutrients and provides resistance to compression and elasticity being also present in synovial

fluid. Studies have shown that chondroitin sulphate can relieve pain and improve joint function
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in patients with osteoarthritis, therefore slowing the progression of the disease (184-185).
Chondroitin has been used as a dietary supplement for the treatment of osteoarthritis (181), and
its effect is believed to combine anti-inflammatory and immunomodulatory activities, by
stimulation of the synthesis of proteoglycans and hyaluronic acid, and inhibition of the
synthesis of proteolytic enzymes and nitric oxide. In vitro studies have shown that chondroitin
reduces NF-kB in IL-1p induced chondrocytes. As NF-kB is a transcription factor that plays a
key role in the initiation of various proinflammatory genes involved in the pathogenesis of OA,
its reduction can decrease the expression of various proinflammatory enzymes and molecules
such as phospholipase A2, cyclooxygenase-2, IL-8, metalloproteinases, proteinases, and
prostaglandin E2, preventing changes in the subchondral bone (182).

Cystoseira usneoides is a brown alga, commonly found in the Mediterranean Sea. Some
studies have investigated the chemical composition of the brown alga Cystoseira usneoides and
evaluated the potential anti-inflammatory, antioxidant and anticancer properties of Cystoseira
usneoides extract (183). It was shown that many of the isolated compounds, including several
meroterpenoids, shown significant cytotoxic effects against lung cancer cells with potential
anticancer activities. In parallel, several meroditerpenoids exhibited significant antioxidant and
anti-inflammatory activities, suggesting that Cystoseira usneoides may be a promising source
of natural products with potential therapeutic applications in the treatment of oxidative stress
and inflammatory diseases, such as osteoarthritis (183). Overall, there is limited research on
the link between Cystoseira usneoides and osteoarthritis or inflammation, and more research is
needed to fully understand the potential therapeutic applications of Cystoseira usneoides

extracts.

As mentioned before, deficiency in vitamin K has been linked to various health
conditions that involve abnormal calcification and inflammation, emphasizing the significance
of vitamin K-dependent proteins and vitamin K itself in CID diseases, such as OA (131-
132,189). While vitamin K is primarily used clinically for preventing blood clotting disorders,
there is increasing interest in its potential as a health-promoting supplement due to evidence
demonstrating its beneficial effects, namely its antioxidant and anti-inflammatory properties,
in cognitive promotion, inhibition of tumor progression, and regulation of osteoblastic gene
expression, without adverse reactions or known toxicity (123). Vitamin K is present in various
marine organisms, including several species of macroalgae and microalgae, such as Porphyra
sp. (Rhodophyta), Sargassum muticum, Sargassum fusiforme, Undaria pinnatifida,

Nannochloropsis in vivoioculata (Ochrophyta Tetraselmis suecica, Dunaliella salina,
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Desmodesmus asymmetricus, Chlorella vulgaris, Chlamydomonas reinhardtii (Chlorophyta),
Isochrysis galbana, Pavlova lutheri (Haptophyta), and Skeletonema costatum (Bacillariophyta)
(190-192), and certain cyanobacteria, such as Anabaena cylindrica, Anabena variabilis,
Spirulina sp., and Nostoc muscorum, Synechocytis sp. PCC 6803 (193-194). The biosynthesis
of vitamin K1 is mainly associated with oxygenic photosynthetic organisms like plants, algae,
and cyanobacteria. Conversely, the synthesis of menaquinones (MKSs) is attributed to a limited
number of bacteria. However, exceptions exist, as certain cyanobacteria and microalgae, such
as cyanobacteria Gloeobacter violaceus and Synechococcus sp. PCC 7002, the diatom
Chaetoceros gracilis, and the red algae Cyanidium caldarium (195-197) have been discovered
to synthesize MK-4. A recent study examined seven microalgae species and identified the
cyanobacteria Anabaena cylindrica as the richest source of the active E-isomer of vitamin K1,
with a concentration of approximately six times higher than that found in parsley (186), a
known dietary source of K1, and higher than any previously reported source of phylloquinone
(191). Additionally, Spirulina sp., another cyanobacteria, and the marine green microalgae
Tetraselmis suecica also exhibited a considerable concentration of vitamin K1 on a dry weight
basis (192). Although both vitamin K1 and K2 are commercially available, there is a need for
optimized production methods and more efficient formulations for each vitamer to meet
increasing customer demands at affordable prices. Moreover, the global market for marine diet
supplements and functional products is already well-established, and the exploration of new
sources of vitamin K from aquatic organisms holds potential benefits for human health, as well

as economic and environmental interests.

Chitosan is a biopolymer derived from chitin, mostly obtained from marine organisms
such as shrimps, crabs, and lobsters, which possess chitin in their exoskeletons. The
applications of chitosan and its derivatives in tissue engineering and medicine are extensive.
Composed of glucosamine and N-acetylglucosamine units connected by B-1,4-glycosidic
linkages, chitosan exhibits significant potential as a biomaterial for various purposes, including
nanoparticles and in vivo scaffolds (VS) (193). Its advantageous properties, including
biocompatibility, progressive degradability, non-toxicity, biological activity, anti-
inflammatory effects, and antibacterial activity, make it an ideal candidate for drug delivery
systems (194). Furthermore, studies have demonstrated the chondroprotective properties of
chitosan by promoting chondrocyte proliferation, enhancing the expression of cartilage matrix
components, and inhibiting inflammatory and catabolic mediators in OA models through intra-

articular injection. Moreover, chitosan has demonstrated the ability to inhibit cartilage
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degradation and inflammation in the synovial membrane (201-202), making it a potential
synergistic partner for OA treatment.

These are just a few examples of marine compounds that may be promising in
osteoarthritis treatment. Other compounds, including lectins, peptides and polyphenols, have
also been identified from marine organisms and have shown potential anti-inflammatory
bioactivity but further research is needed to fully understand the mechanisms of action and
potential clinical applications of these compounds.

1.7 Main aim and thesis organization

Osteoarthritis (OA) is a prevalent joint disorder with considerable global impact, yet there are
still significant gaps in the understanding of its occurrence and progression. Late diagnosis
associated with limited treatment options, challenges the management of this degenerative
condition. Therefore, research efforts in the field of OA are crucial to improve disease
knowledge and promote solutions. Pathologic calcification is a prevalent feature observed in
both vascular and articular diseases characterized by inflammation, degradation of the
extracellular matrix, and mineral nucleation. Despite the need for novel therapeutic strategies
in both diseases, the currently available pharmacological options are very limited. GRP, a
VKDP with a strong affinity for calcium binding, has recently been demonstrated to possess
anti-inflammatory and anti-mineralization properties in articular cells. It is suggested that GRP
plays a significant role in the interconnection between inflammation and mineralization
processes in OA. In order to explore the therapeutic potential of GRP in OA, in Chapter 2, we
developed the encapsulation of GRP into chitosan-based nanoparticles, expecting to enhance
its bioavailability and bioactivity, thereby facilitating its application in functional assays. To
evaluate the therapeutic potential of new compounds and minimize the probability of incorrect
preliminary therapeutic responses, we have developed an experimental design pipeline as
described in Chapter 3. This pipeline involves a series of activity assessments, starting from a
simpler cell-based model of osteoarthritis and progressing to a more complex co-culture model
based on human cartilage, which closely mimics the in vivo scenario of OA. By mimicking the
early stages of the disease, this approach enables the examination of potential drugs as
mediators of inflammation and mineralization. In the search for new bioactive compounds, the

utilization of marine natural products as a therapeutic approach for osteoarthritis is an emerging
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field, as these products offer diverse biological activities. In our study, in Chapter 4, we
investigated the utilization of the marine bioactive compound amentadione in the context of
osteoarthritis treatment, using the experimental pipeline here developed. Finally, in Chapter 5,

a comprehensive discussion is provided.
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Abstract

Gla-rich protein (GRP) is a vitamin K dependent protein (VKDP) shown to act as a mineralizing
inhibitor in chronic and degenerative calcification-related inflammatory diseases, such as
osteoarthritis (OA). GRP has been previously suggested to act as a dual agent by modulating
the interplay of calcification and inflammation in articular chondrocytes and synoviocytes. In
this chapter, we continue to explore the role of GRP in the OA context, and further extend the
investigation of GRP in the inflammatory response mechanism of immune cells, known to play
arelevant role in OA. Furthermore, we aim to develop a novel chitosan-based nanoformulation
of GRP with biocompatibility and chondroprotective properties, while resolving drawbacks
related with low protein solubility. For this purpose, fluorescein labelled chitosan (FC)/
tripolyphosphate (TPP) nanoparticles (FCNP) and GRP-loaded FC/TPP nanoparticles (FCNG)
were produced and characterized for further use in functional assays. The biological anti-
inflammatory potential of FCNP and FCNG formulations were tested using previously
established in vitro model assays including differentiated human THP-1 macrophage cells
(THP-1 MoM) and primary articular chondrocytes and synoviocytes cells.

Our results demonstrated that treatments of LPS activated THP-1 MoM with purified y-
carboxylated and noncarboxylated GRP protein forms (cGRP and ucGRP, respectively)
resulted in the downregulation of the inflammatory mediator TNFa, independently of the GRP
y-carboxylation status. Moreover, in vitro biological data demonstrated that encapsulated GRP
mediate the inflammatory responses acting as an anti-inflammatory agent in macrophages and
chondrocytes, by decreasing the accumulation of inflammatory agents TNFa and IL-6,
respectively. This is a very promising outcome for the use of GRP nanoparticle formulation as

a valid strategy to develop new therapeutic approaches for OA.

2.1 Introduction

Pathologic calcification and chronic inflammation are two synchronised events in several
chronic diseases, such as atherosclerosis, chronic kidney disease (CKD) and OA, representing
driving forces towards disease progression (131,203). In OA, pro-inflammatory cytokines and
inflammatory mediators are overexpressed, contributing to the degradation of articular

cartilage, with the accumulation of specific extracellular matrix (ECM) degradative enzymes,
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such as metalloproteases (MMP) and aggrecanases (66,68). Increased ECM remodeling, in
tandem with chondrocyte differentiation and apoptosis, are responsible for ECM disruption and
gradual loss of articular cartilage. In turn, cartilage degradation potentiates pathologic
calcification, aggravating the pro-inflammatory responses in a vicious cycle of inflammatory
and calcifying stimuli and responses (118,204-205). In this context, it is of upmost importance
the search for new active agents to treat OA, preferably capable of interfering with the interplay
inflammation-calcification at different levels and targeting various players involved in this
chronic disease. GRP is an endogenous VKDP that was previously shown to exhibited very
promising results in the disease context of OA (173), with a potential role in the interplay
between inflammation and mineralization processes. Indeed, the response of mineral and
inflammatory stimulated articular chondrocytes and synoviocytes was modulated by GRP, with
GRP acting in a concerted way in the two interlinked events of ectopic calcification and
inflammation in OA. While cGRP inhibited ECM calcification, both GRP and GRP-coated
basic calcium phosphate (BCP) crystals treatment led to the down-regulation of inflammatory
cytokines and inflammation mediators, regardless of its carboxylation status (173).

Among the cell players in OA, the role of macrophages in the disease pathogenesis also
deserves particular attention as activated macrophages were identified at early stages of OA,
suggesting a primary role in the disease development (206-207) and in vivo tomography studies
revealed 76 % of activated macrophages in OA affected joints linked to radiographic joint
disease severity and symptoms (202). GRP has been detected in foam macrophages in calcific
aortic valve disease (160), accumulating in osteoarthritic cartilage and co-localized with CD45
in osteoarthritic synovial membrane, characterized by lymphocytes and plasma cells infiltration
(203). Overall, the role of GRP as an inhibitor of calcification and as an anti-inflammatory
agent in cells involved in OA, indicated strong therapeutic potentialities (203). However, GRP
was shown to have limited solubility at physiological pH (157), with possible implications in
terms of bioavailability and bioactivity, limiting its use in therapeutics. The possibility of GRP
encapsulation as a strategy to overcome these limitations, promote easy manipulation, storage
stability and a more efficient cell delivery, while minimizing inflammatory responses, was
therefore explored in this study.

In general, nanotechnological approaches are expected to improve the delivery of drugs
through a controlled release manner and toward specific cell populations or anatomical
compartments, such as the joint in OA, anticipating advantages by reducing side toxicities and
improving long-term therapeutic efficacy (200). The incorporation of bioactive compounds into

chitosan-based nanoparticles is a therapeutic strategy that has been previously explored, as
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chitosan is a natural cationic and hydrophilic polysaccharide, biocompatible, nontoxic, with
high bioavailability and chemical resistance (210-214). Improvement of absorption and
bioavailability of drugs encapsulated into chitosan nanoparticles is expected as shown by
several reported applications (206) in the biomedical field (207), and in particular in
therapeutics as drug-delivery vehicle (217-218). Also, chitosan-based nanoparticles can be
modified with specific ligands or antibodies, for specific cell targeting.

In this work the choice of chitosan to formulate GRP containing nanoparticles was also
expected to add beneficial properties related with anti-inflammatory and cartilage repair
abilities, based on the previously reported anti-inflammatory and chondroprotective properties
of chitosan (219-220). N-acetyl-glucosamine and glucosamine, chitosan monomers, are natural
components of cartilage, structural units of proteoglycans, with impact in the regeneration of
damaged or inflamed tissues (221-222). Based on this, chitosan could represent a potential
synergetic drug-partner in the OA drug delivery system (223-226).

In this chapter, we aimed to further investigate the role of GRP as an anti-inflammatory
agent in stimulated macrophages and we describe the development of a well-characterized
chitosan-based nanoformulation of non-carboxylated GRP (ucGRP) labelled with fluorescein.
The OA therapeutic potential of these novel GRP nanoformulations was evaluated using in
vitro cell models of inflammation and OA, including differentiated human THP-1 macrophage

cells (THP-1 MoM) and primary articular chondrocyte and synoviocyte cells.

2.2 Experimental procedures

2.2.1 Chemicals

Deacetylated chitosan (CS) (low molecular weight, deacetylation degree 75-80 %), fluorescein
sodium salt, sodium tripolyphosphate (TPP), and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC) were obtained from ‘Sigma Aldrich’, Bovine serum

albumin (BSA) was purchased from ‘nzytech’ and Triton X-100 was acquired from ‘plusone’.

2.2.2 Expression and purification of recombinant human GRP (ucGRP)

The expression of recombinant uncarboxylated human GRP (ucGRP) was performed in E. coli
as previously described (157). Briefly, human GRP cDNA coding for the secreted GRP-F1
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isoform cloned into pET151/D-TOPO vector (Champion pET Directional TOPO Expression
kit, Invitrogen) was used to transform Escherichia coli BL21star (DE3). Induction was
performed with 1 mM IPTG for 4h. Cells were then centrifuged, and the pellet resuspended in
binding buffer (20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, pH 7.4). The
resuspended cells were further sonicated for 3 minutes in 10 second pulses series at 60 volts.
The resulting supernatant was loaded onto 1 mL HisTrap HP Column, for affinity
chromatography purification, according to manufacturer’s instructions, and recombinant
protein was eluted with 20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4
(157). Final purification was performed by Reverse Phase-High Performance Liquid
Chromatography (RP-HPLC). HisTrap eluted GRP-containing fractions were injected onto a
Vydac C18 reverse-phase HPLC column (4.6 mm inner diameter and 25-cm length)
equilibrated in 0.1 % trifluoroacetic acid in water and at a flow rate of 1 mL/min (initial
conditions). The HPLC was run for 7 min at initial conditions, and then proteins were eluted
from the column with a 1.5-h linear gradient to 0.1 % trifluoroacetic acid in 60 % acetonitrile.
Fractions of 1 mL were collected and protein content was determined by spectrophotometry, as
described in section 2.2.3. and stored at -80 °C. GRP purity was evaluated by determining the
protein profile by SDS-PAGE. The protein solution was then lyophilized, resuspended in 6 M
guanidine-HCI and dialysed against distilled water, under agitation over 3 days, at 4 °C, with
2-3 daily changes of medium. After dialysis, the content was quantified by spectrophotometry
or by a specific sandwich ELISA for total GRP forms (GRP), as described in section 2.2.3,
aliquoted and kept at -80 °C.

2.2.3 GRP quantification

GRP content was estimated by spectrophotometry at 280 nm (NanoPhotometer® NP80), based
on the general reference setting that a protein solution with an extinction coefficient (E) of 0.1
% (1 mg/mL) produces an absorbance of 1.0 at 280 nm (with a path length of 1 cm) (216), or
quantified using a specific sandwich ELISA for total GRP forms (GRP) (163). In the
experiments involving the preparation and use of the ucGRP nanoformulations (FCNG), GRP
was quantified by ELISA.

2.2.4 Chitosan labelling with fluorescein (FC)

250 mg of chitosan (CS) were dissolved in 15 mL of an 1 % acetic acid aqueous, at room
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temperature. Fluorescein (10 mg) was dissolved in 1 mL of ethanol 96 % and 7.5 mg of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDAC) were dissolved in 4 mL of Milli-Q water.
The fluorescein solution was carefully added to the chitosan solution under stirring, followed
by the addition of the EDAC solution. The mixture was stirred overnight, at room temperature
and UV protected. The mixture was then dialysed against water, with a molecular weight cut-
off of 2000 Da (Sigma-Aldrich). The mixture was under agitation over 3 days and the water
changed 2 to 3 times a day. The dialysis was stopped when the water appeared transparent and
uncoloured. The resultant solution was lyophilized to afford a fluorescent yellow/orange solid.
The process yield (PY) was calculated as follows:
PY (%) = CS weight / Total solids (CS + Fluorescein) weight x 100.

2.2.5 Preparation of nanoparticles CNP, CNG, FCNP and FCNG

Chitosan (CS)/TPP nanoparticles (CNP) were prepared by ionic complexation, by means of an
electrostatic interaction of CS with TPP anions, in which the positively charged amino groups
of CS interact with the negatively charged phosphate groups of TPP (217). Briefly, CSin 1 %
of acetic acid (1 mg/mL, w/v, pH 2.7), was added to an aqueous solution of TPP (0.714 mg/mL,
w/v), at room temperature, pH 8.9, to obtain a final theoretical CS/TPP ratio of 3.5/1, (w/w),
pH 3. The nanoparticles were spontaneously formed on incorporation of 0.8 mL of the TPP
solution into 2 mL of the CS solution, under magnetic stirring at room temperature.
Nanoparticles were pelleted by centrifugation at 16,000 g, at 15 °C, for 30 min. The
supernatants were discarded and nanoparticles were resuspended in distilled water or in cell
culture media for further use.

The same procedure was followed to prepare the ucGRP-loaded CS/TPP nanoparticles
(CNG). TPP (0.8 mL of 0.714 mg/mL), was added to a 2 mL solution containing 1 pg of ucGRP
(quantified by ELISA as described in section 2.2.3) and CS (1 mg/mL), to reach the theoretical
FC/TPP ratio of 3.5/1 (w/w). The theoretical percentage of GRP present in the final nanoparticle
formulation, considering that all protein is incorporated, is 0.05 % respectively to the CS
content (w/w).

Fluorescein labelled chitosan (FC)/TPP nanoparticles (FCNP) were prepared following
the same methodology. Briefly, aqueous TPP solutions (0.8 mL of 0.666 mg/mL and 0.714
mg/mL) were added to the acidic solution of FC (2 mL, 1 mg/mL), at room temperature, under
magnetic stirring, to obtain ratios of 3.75/1 and 3.5/1 of FC/TPP (w/w), respectively.

Nanoparticles were concentrated by centrifugation at 16,000 g, at 15 °C, for 30 min. The
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supernatants were discarded and nanoparticles were resuspended in water or in the appropriated
cell culture media for further use.

The same procedure was followed to prepare the ucGRP-loaded FC/TPP nanoparticles
(FCNG). A solution containing 1 pug of ucGRP in distilled water (quantified by ELISA as
described in section 2.2.3), was added to the acidic solution of FC (1mg/mL) and a final 2 mL
solution (pH 2.62) was allowed to react with the aqueous solutions of TPP (0.8 mL of 0.666
mg/mL and 0.714 mg/mL), to a final FC/TPP ratios of 3.75/1 and 3.5/1 (w/w), respectively.
Considering that all ucGRP is incorporated, the percentage of ucGRP in the final formulation
is 0.05 % relative to FC, taking in consideration the initial amounts of synthesis (further referred
as FCNG). Additionally, based on the same methodology and assumptions, nanoparticles
containing different % of ucGRP were prepared, 0.25 % (5 pg ucGRP, FCNGo.2s), and 0.375
% (7.5 pug of ucGRP, FCNGo 375) (w/ w) of protein respective to the FC content.

2.2.6 Determination of nanoparticles synthetic yield

The nanoparticles production yield was calculated by gravimetry. Fixed volumes of
aqueous nanoparticle suspensions were centrifuged (16000 x g, 30 min, 15 °C) and sediments
were freeze-dried over 24 h. The process yield (PY) was calculated as follows:

PY (%) = Nanoparticles weight / Total solids (FC + TPP) weight x 100, for FCNP
or

PY (%) = Nanoparticles weight / Total solids (FC + TPP + ucGRP) weight x 100, for
FCNG.

2.2.7 Characterization of FCNP and FCNG nanoparticles

2.2.7.1 Physicochemical properties

FCNP and FCNG nanoparticles were characterised in terms of size, polydispersity index (Pdl)
and (-potential on freshly prepared samples, as described in 2.2.5, by photon correlation
spectroscopy and laser Doppler anemometry, respectively, using a Zetasizer® NanoZS
(Malvern Instruments, Malvern, UK). The characterisation was performed in an electrophoretic
cell, in which a 20 pL aliquot of nanoparticles was diluted in 1 mL of ultrapure water. Size and
polydispersity index were determined with a detection angle of 173 °, at 25 °C, and {-potential

was calculated from the mean electrophoretic mobility values. The measurements were
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performed in triplicate. In addition, nanoparticles were also characterised regarding size and
polydispersion index (PDI), after resuspension of nanoparticles in cell culture media (RPMI
1640, Lonza).

FCNP and FCNG particle concentrations and size distributions were also determined
using the Nanoparticle Tracking Analysis (NTA) technique on the NanoSight NS300™
(Malvern Instruments, Worcestershire, UK) equipment. These analysis were performed by our
collaborators from iBET-Instituto de Biologia Experimental e Tecnoldgica, and ITQB-Instituto
de Tecnologia Quimica e Bioldgica Antonio Xavier, Universidade Nova de Lisboa. The
samples were initially solubilized in MilliQ water to a final volume of 2 mL, and then diluted
with MilliQ water (1. 100). Each sample was analyzed 3 times (n=3) with independent
dilutions. Capture settings (shutter and gain) were adjusted manually for each analysis and all

steps were carried out at room temperature. Sample videos were analyzed with the NTA.

2.2.7.2 Morphology

The morphological analysis of the FCNP and FCNG nanoparticles was performed by
transmission electron microscopy (TEM) (CM 12 Philips, Eindhoven, Netherlands), by our
collaborators from Universidade Nova de Lisboa (Departamento de Quimica, Lisboa, Portugal)
and Centro de Investigacédo Interdisciplinar Egas Moniz. The samples were freshly prepared as
described in 2.2.4, resuspended in ultrapure water, stained with stained with 1.5 % aqueous uranyl
acetate (w/v) and adsorbed onto copper grids with Formvarl films. The morphological
examination of nanoparticles was performed by transmission electron microscopy (TEM), in a
JEOL 1200EX transmission electron microscope.

2.2.7.3 ucGRP association efficiency (AE)

The association efficiency (AE) of GRP in FCNG was calculated based on the quantification
of ucGRP present in the supernatant by ELISA, after FCNG sedimentation by centrifugation
(16,000% g, 30 min, 15 °C). representing the fraction of GRP not encapsulated, relative to the
quantity of protein initially added, as follows:

AE (%) = (Total ucGRP amount — Free ucGRP amount)/ Total ucGRP amount x 100

2.2.8 In vitro release studies
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In vitro release studies of ucGRP from FCNG nanoparticles were performed after sedimentation
(section 2.2.5). Nanoparticles were resuspended in 2 mL of RPMI (Lonza) and incubated at 37
°C and 5 % of CO atmosphere. At pre-determined time intervals, between 0 min and 48 h,
samples were collected, centrifuged for 30 min, at 15 °C and 16000 x g, and the ucGRP in the
supernatant was quantified by ELISA (n=3) as described in section 2.2.3.

2.2.9 Cell culture maintenance

THP-1 cell line was kindly given by Dr. Nuno Santos (CBME, University of Algarve, Faro)
and cells were cultured according to ATCC instructions in RPMI Growth Medium (RPMI 1640
with L-Glutamine (Lonza), 10 % heat-inactivated Fetal Bovine Serum (FBS, Invitrogen) and 1
% Pen-Strep P/S, Gibco). Differentiation into macrophagic THP-1 (THP-1 MoM) was achieved
by culturing cells in 25 ng/mL PMA (Sigma) in complete RPMI, for 48h. Primary human
fibroblast-like synoviocytes (ECACC, Sigma-Aldrich, St. Louis, MO, USA) and human
articular chondrocytes (Lonza, Visp, Switzerland) used in this work were commercially
acquired. Additionally, 3 sets of primary human fibroblast-like synoviocytes and human
articular chondrocytes, derived from tissue explants, were used in this work and developed by
collaborators as described (229,230). Synoviocytes and chondrocytes were cultured in
Advanced Dulbecco’s Modified Eagle’s Medium (Adv DMEM) (Invitrogen, Carlsbad, CA,
USA) supplemented with 10 % (v/v) of heat-inactivated FBS, 1 mM of
L-Glutamine (L-GlIn, Invitrogen) and 1 % (v/v) of P/S. All cell cultures were maintained at 37
°C in a humidified atmosphere containing 5 % CO, and experiments were performed on
confluent synoviocytes and chondrocytes, and using an average of 1 x 10° cells /mL of THP-1
MoM.

2.2.10 Inflammatory assays

2.2.10.1 GRP inflammatory activity in LPS-stimulated THP-1 MoM cells

Purified and characterized fully y-carboxylated GRP from sturgeon (cGRP) (157) and
uncarboxylated recombinant human GRP produced in E. Coli (ucGRP) (section 2.2.2),
quantified by spectrophotometry as described in 2.2.3, were used to evaluate their anti-
inflammatory potential in THP-1 MoM cells. THP-1 cells were seeded in 96 well plates at a

density of 2.5 x10° cells/well and differentiated as described above in 2.2.9. After
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differentiation, media was removed and cells were treated for 24 h with 0.5, 0.75 and 1.5 pg/mL
of cGRP and ucGRP, followed by treatments with 50 ng/mL of LPS for additional 24 h.
Dexamethasone treated cells (2 uM) were used as positive control. At the appropriate time, cell
culture media were collected, centrifuged at 13.000 rpm for 20 min at 4 °C, and supernatants
were immediately pipetted and anti-inflammatory activity analyzed using commercially
available ELISA assays to measure TNFa (PreproTech) levels, according to the manufacturer’s
protocols. ELISA results were analyzed using a four parameter logistic curve fitting model in

GraphPad Prism software.

2.2.10.2 Anti-inflammatory activity of ucGRP nanoformulations in LPS-
stimulated THP-1 MoM cells

To evaluate the anti-inflammatory potential of ucGRP nanoformulations in THP-1
MoM, THP-1 cells were seeded at a density of 1x10° cells/mL, differentiated as described in
section 2.2.9, and supplemented with FCNP and FCNG nanoparticles resuspended in RPMI
[(11.7 £ 4.5) x 10° particles/mL] (section 2.2.7), or 2 uM dexamethasone (DXM) during 2 h, 8 h
and 24 h. Additionally, [(11.7 + 4.5) x 10° particles/mL] of FCNG, FCNGo2s and FCNGo s7s,
and 2 uM DXM were used as pre-treatment of THP-1 MoM during 24 h. After each pre-
treatment period, cells were stimulated with 100 ng/mL LPS for an additional 24 h. At each

time, cell media were collected for TNFa quantification as described above.

2.2.10.3 Inflammatory assays of FCNP and FCNG in articular cells

To evaluate the anti-inflammatory potential of FCNP and FCNG in articular cells, confluent
human synoviocytes and chondrocytes were cultured in advanced DMEM or pre-treated with
FCNG [(11.7 + 4.5) x 10° particles/mL], FCNP [(11.7 + 4.5) x 10° particles/mL] or 2 uM
dexamethasone (DXM), during 24 h and then stimulated for further 24 h with IL-1p (10 ng
/mL). Cell media were collected for IL-6 measurement using a specific ELISA (Peprotech) and
following manufacturer’s instructions.

For each biological assay, nanoparticle formulations were freshly prepared,
immediately centrifuged (16000 x g, 30 min, 15 °C) and the pellets resuspended in 2 mL of the
appropriate cell culture medium. All nanoparticle suspensions were combined in a unique
batch, and promptly used in the biological assays. The nanoparticles concentration was

calculated based on NTA results, described in section 2.2.7.1.
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2.2.11 Quantification of total GRP in THP-1 MoM cells and respective cell
culture media, pre-treated with FCNP and FCNG

Total GRP from THP-1 MoM inflammatory assays pre-treated with FCNG [(11.7 + 4.5) x 10°
particles/mL] and FCNP [(11.7 + 4.5) x 10° particles/mL], during 24 h, and stimulated with
100 ng/mL LPS for an additional 24 h, was determined by ELISA (220) on the cell culture
media and in cells protein extracts. After collection, cell culture media were centrifuged at
13.000 rpm for 20 min at 4 °C to remove cell debris, and THP-1 MoM protein extracts were
obtained by extraction with RIPA buffer (50 mM Tris HCI pH 8, 150 mM NacCl, 1 % NP-40,
0.5 % sodium deoxycholate, 0.1 % SDS), for 1h at 4 °C, with agitation, followed by a
centrifugation at 16 000 xg for 15 min at 4 °C.

2.2.12 Cellular proliferation measurement

Cells were seeded in 96-well plates at 2 x 10* cells/well and cultured in their respective growth
medium and cell culture conditions, and supplemented with cGRP (0.5pug/mL, 1 pg/mL and 1.5
pg/mL), ucGRP (0.5pg/mL, 1 pg/mL and 1.5 pg/mL), quantified by spectrophotometry
(section 2.2.3), FCNP [(11.7 + 4.5) x 10° particles/mL] and FCNG [(11.7 + 4.5) x 10°
particles/mL], quantified as described in 2.2.9. Cell viability was assessed at appropriate time
points, using the CellTiter 96 cell proliferation assay (Promega, Madison, WI, USA), following

manufacturer’s instructions.

2.2.13 Sample preparation for Flow cytometry

FCNP and FCNG, freshly prepared as described in 2.2.5, were incubated with the purified
polyclonal CTerm-GRP antibody (5 pg/mL [adapted from (159)]), diluted in distilled water, for
30 min in ice, followed by 2 washes with PBS (137 mM NaCl, 2.7 mM KCI, 10 mM sodium
phosphate, 1.8 mM potassium phosphate) and incubation with fluorochrome ALEXA Fluor®
647 Donkey anti-rabbit 1gG Antibody (Biolegend, 1pg/mL), during 1h, following the
manufacture’s indications. Samples were washed and resuspended in PBS for acquisition in
Flow Cytometer (FACS Calibur, BD Bioscience, Ca, USA).

FCNP and FCNG were incubated with THP-1 MoM (1x10° cells/mL) for 2h, as

described in 2.2.11. Cells incubated with CNP and CNG were used as controls. Flow cytometry
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protocol from ORIGENE was used for cell staining. Briefly, after dethatching, centrifuged cell
pellets were blocked with a 0.5 % BSA solution, for 30 min, incubated with PE anti-
mouse/human CD11b antibody (1 pug/mL, Biolegend), and fixed in 0.2 % PFA solution in PBS,
overnight at 4 °C. A permeabilization step with 0.1 % Triton in PBS, preceded the incubation
with the purified polyclonal CTerm-GRP antibody (5 ug/mL [adapted from (159)]). At the end,
pellets were treated with the fluorochrome (ALEXA Fluor® 647 Donkey anti-rabbit 19G
Antibody, Biolegend, 1 pug/mL), and resuspended in PBS for acquisition in Flow Cytometer
(FACS Calibur, BD Bioscience, Ca, USA). Samples were protected from UV light, along the

protocol and kept in ice.

2.2.14 Flow cytometry data acquisition

Flow cytometry acquisitions were performed on a Becton Dickinson FACS Calibur (BD
Biosciences) flow cytometer using the Cell Quest Pro software (version 6.0). The 488 nm argon
laser combined with a 530/30 nm band pass filter was used to access the FITC fluorescence,
while the same laser combined with 585/45 nm band pass filter was used to measure PE
fluorescence. Alexa Fluor 647 fluorescence was accessed using the 633 nm laser combined
with a 661/16 nm band pass filter. Compensation was performed using single stain controls and
all gates were set based on Fluorescence Minus One (FMO) controls. For each sample 10,000

events were recorded. Flow cytometry data was analysed using FlowJo software (version 6.7).

2.3 Results

2.3.1 Effect of cGRP and ucGRP in the inflammatory response of
differentiated THP-1 macrophages

Since macrophages are key players in the inflammatory events, particularly linked to ectopic
calcification in chronic inflammatory diseases, such as OA (232,233,234), we decided to assess
if c/lucGRP could have a direct effect on the LPS-stimulated immune response of THP-1-
differentiated macrophage (THP-1 MoM) cells, and whether that effect was dependent of its y-
carboxylation state. Fully y-carboxylated GRP purified from sturgeon (A. Naccarii) (cGRP)
(157) and uncarboxylated recombinant human GRP (ucGRP), produced in E. Coli (159), were
used in this study. THP1-macrophage cells viability was unaffected in the presence of LPS and
ucGRP or cGRP at 1.5 ug/mL (results not shown). THP-1 MoM cells were treated with

48



Chapter 2 - GRP: an anti-inflammatory agent with potential application in osteoarthritis?

increasing concentrations of cGRP/ucGRP, previously used in functional assays (164,178), or
dexamethasone (DXM), followed by exposure to LPS.

Inflammatory responses were determined by measuring TNFo accumulation in cell
media (Figure 2.1). Results revealed a significant increase of TNFa in the LPS stimulated cells,
while cells treated with ucGRP resulted in a dose-dependent decrease of TNFa levels relative
to LPS treated cells, with a maximum decrease at 1.5 pg/mL of ucGRP (Figure 2.1). Treatments
with cGRP also shown decreased TNFa levels although to a less extent and independent of the

concentrations used (Figure 2.1).

TNFa (ng/ml)

LPS (50 ng/mL)
- -+ - - . - - - ucGRP (0.5 pg/mL)
- - - & - - - < - ucGRP(0.75 ug/mL)

e ucGRP (1.5 pg/mL)
- - - - - 4% - - - cGRP(0.5pug/mL)
- - - - - -+ - - cGRP (0.75 pg/mL)
- - = - - -« - % - cGRP(1.5 ug/mL)
- - - - - - - - 4 DXM(2um)

Figure 2.1 GRP reduces TNFa production in THP-1 MoM stimulated with LPS. Differentiated
THP-1 MoM cells were treated with 0.5 ng/mL, 0.75 pg/mL and 1.5 pg/mL of purified cGRP
and ucGRP proteins for 24 h, followed by exposure to 50 ng/ml LPS for additional 24 h. Cells
treated with 2 uM dexamethasone (DXM) were used as a positive anti-inflammatory control,
and non-stimulated cells as controls to LPS stimulation. Conditioned cell culture media were
collected and used to determine TNFa accumulation by ELISA. Data are presented as means +
standard error of triplicates of two independent experiments (n=2), with triplicates. Ordinary
one-way ANOVA was used and multiple comparisons were achieved with Dunnett’s test.
Statistical significance was defined as P< = 0.05 (*), P< = 0.01 (**) and P< = 0.001 (***).

2.3.2 Production and characterization of fluorescein labelled chitosan /TPP
nanoparticles (FCNP) and fluorescein labelled chitosan /TPP nanoparticles
containing ucGRP (FCNG)
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Based on the anti-inflammatory activity of ucGRP in THP-1 MoM cells and taking in
consideration the drawbacks related with low protein solubility in physiological conditions, a
nano-formulation of ucGRP using fluorescent chitosan-based nanoparticles was developed. The
encapsulation of ucGRP using this nano-formulation is expected to not only increase its
bioactivity and bioavailability, but will also represent an advantage for bioimaging studies due
to their unique optical properties. For that, low molecular weight chitosan was FITC- labelled.
The chemical addition of the fluorescein carboxylic acid groups to the primary amine groups
of the D-glucosamine residues of chitosan, mediated by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC), yielded 84.5 % of the polymer (FC). Different mass ratios
of FC to the polyanion sodium tripolyphosphate (TPP), with and without ucGRP (FCNG and
FCNP, respectively), were initially combined to yield the nanoparticles preparation by ionic
gelation. Nanoparticles production yield ranged from 12.1 + 4.7 % for FCNP and of 15.1 + 6.7
%, for FCNG, and significantly decreased with increasing FC-TPP ratio, both in the absence
and presence of GRP (Table 2.1). Although the yield range for the nanoparticles production
was low, the FC-TPP mass ratio of 3.5/1 was applied to prepare FCNG and FCNP nanoparticles
(Table 2.1).

Table 2.1 Production yield of different FCNP and FCNG formulations, using variable ratios of
FC/TPP/ucGRP. Results are demonstrative of 10 independent preparations for each component
combination (n=10).

Nanoparticle

CS/ TPP/UcGRP (w/wi/w)

Production Yield (%0)

35/1/0 121+47

FCNP 3.75/1/0 89+5
35/1/1.75E-3 15.1+6.7

FCNG 3.75/1/1.75E-3 6.2+25

In relation to distribution of particle sizes, NTA analysis revealed that both FCNP and

FCNG were present in 100 % between 0 and 400 nm. The content of FCNP and FCNG at 200
nmwas 92.8 £ 9.3 % and 90 £ 4.7 %, respectively (Figure 2.2). The size distributions for FCNP

and FCNG were predominantly unimodal, with a prominent peak at 88 + 24 nm for FCNP and
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107 + 34 nm for FCNG. However, FCNP exhibited a slightly broader distribution compared to
FCNG (Figure 2.2).
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Figure 2.2 NTA analysis provided a representative assessment of FCNP and FCNG, displaying
the particle concentration based on size (224).

The total particle concentration, as determined by NTA, was consistent between FCNP
((8.8 + 3.6) x 10° particles/mL) and FCNG ((14.5 + 3.4) x 10° particles/mL), showing no
statistically significant differences. The polydispersity index (PDI) was 0.33 £ 0.07 for FCNP
and 0.39 = 0.06 for FCNG (Table 2.2). Both FCNP and FCNG exhibited positive zeta
potentials, with FCNP showing a higher value of 37 + 2 mV compared to FCNG's 28 + 7 mV
(Table 2.2). None of the measured parameters showed statistically significant differences
between FCNP and FCNG. Levels of ucGRP were measured by ELISA in the supernatant after
FCNG sedimentation, representing the fraction of ucGRP not encapsulated, and compared with
the initial amount of protein added (Figure 2.3). The results revealed that most of the ucGRP
used for the FCNG nanoparticles synthesis was incorporated, confirming a high degree of
protein encapsulation with an AE of 99.8 + 0.1 (Table 2.2).
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Table 2.2 Production yields and physicochemical characteristics of nanoparticles: production
yield, polydispersion index (PDI), zeta potential (results are demonstrative of at least 6
independent preparations, n> 6 ), size variation, particles concentration and ucGRP (0.05 %
relatively to FC content) association efficacy (AE) (n=4). Data are shown as mean + SD.

Range Size**
Sample | Production PDI* Zeta (relative amount, %) Particles AE***
Yield Potential* Concentration** (%)
(%) (mV) (particles/mL)
0-180 nm 180 — 400 nm
FCNP 171+338 0.33+0.07 37x2 94.7+14 5211 (8.8+3.6) E+9 n/a
FCNG 151+6.7 0.39 +0.06 287 77.9+08 21111 (145 +3.4) E+9 99.8+0.1

* Data obtained from DLS analysis; ** Data obtained from NTA analysis; *** Data obtained from Elisa, specific for GRP.

GRP (%)
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Figure 2.3 Percentage of ucGRP present in the nanoparticles formulations (FCNG): % of GRP
detected by ELISA (section 2.2.3) in the supernatants of the ucGRP-loaded nanoparticles
synthesis (FCNGsn), relatively to the initially available ucGRP (ucGRPinitia). Data is
representative of six independent experiments (n=6), with triplicates (224).

Ultrastructural analyses of FCNP (a, Figure 2.4) and FCNG (b, Figure 2.4), by

transmission electron microscopy (TEM) revealed a population of small nanoparticles with

spherical morphology, mostly varying from 100 to 250 nm, for both nanoformulations.
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Figure 2.4 Ultrastructural nanoparticle characterization by transmission electron microscopy
(TEM): morphology of FC based nanoparticles (a) FCNP and (b) FCNG. Scale bar of 200 nm
(224).

FCNP and FCNG flow cytometry analysis showed that 98.3 % of FCNP events analysed
were positive for FITC, indicating that almost all nanoparticles were FC labelled (a, Figure
2.5). FCNG stained with Alexa 647 for GRP detection showed that 39 % of the initial
population was positive for FITC and Alexa 647, indicating the presence of GRP in the FC-

based nanoparticles formulation (b, Figure 2.5).
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Figure 2.5 Chitosan-based nanoparticles analysis by flow cytometry. (a) Histogram overlay
plot showing unstained control of nanoparticles of chitosan (CNP) in red and nanoparticles of
fluorescein-labelled chitosan (FCNP) in blue. 98.3 % of FCNP events are positive for FITC,
exhibiting higher fluorescence intensity (FCNP+). (b) Dot plot showing nanoparticles of
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fluorescein-labelled chitosan with ucGRP (FCNG). The FCNG were stained with Alexa 647
for ucGRP protein detection. The gate FCNG++ is double positive for FITC and Alexa 647,
representing 39.7 % of the initial population (excluding the debris).

In order to explore the stability of the nanoparticles containing ucGRP in cell culture
media for application in biological cell assays, the rate of ucGRP release from FCNG
nanoparticles over a time frame of 48 h was assessed. The protein release profile of FCNG was
investigated mimicking the in vitro assays environment, by resuspending FCNG, (11.7 £ 4.5)
x 10° particles/mL as determined by NTA, in RPMI cell culture media, at 37 °C and 5 % of
CO atmosphere, during different periods, 0 min, 15 min, 30 min, 150 min, 24 h and 48 h.
Results of ucGRP levels released to the cell culture media, measured by ELISA, demonstrated

that the protein release rate remains between 10-15 % after 48h (Figure 2.6).
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Figure 2.6 GRP releasing assay. Levels of ucGRP released from FCNG to cell culture media
(RPMI) were measured by ELISA, at different times: 0 min, 15 min, 30 min, 150 min, 24 h and
48h. Data are representative of three independent experiences (n=3) and are statistically non-
significant (224).

2.3.3 THP-1 MoM cellular uptake of FCNP and FCNG

To evaluate THP-1 MoM binding/uptake of the prepared nanoparticles, flow cytometry studies
were performed using a triple stained system, designed and optimized to simultaneously detect
the fluorescein-based nanoparticles through FITC, GRP through ALEXA647, and through PE

for the extracellular CD11b membrane labelling (Figure 2.7).
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Figure 2.7 Schematic experimental design for the cytometry analysis of THP-1 MoM treated
with FCNG. Triple stained system for detection of fluorescein (FITC), GRP (Alexa647), and
CD11 (PE) in THP-1 MoM population.

The presence of the fluorescent nanoparticles in THP-1 MoM exposed to FCNP and
FCNG for 2h was evaluated. The process of phagocytosis by macrophages can occur from 30
min to several hours, depending on the size and surface properties of the particle, and 2h is a
time previously considered for macrophage nanoparticles uptake (236-237). At 2h of
incubation, two conjoint positive signals for the presence of fluorescein (FITC) and for cell
membrane labelling (PE) were detected. Analysis showed that 67.1 % of the cells exposed to
FCNP, and 73.7 % of the cell population exposed to FCNG, were positive for FC labelling
(Figure 2.8).
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Figure 2.8 THP-1 binding/uptake of FCNP and FCNG nanoparticles by flow cytometry. Dot
plots show THP-1 MoM exposed for 2h to (a) FCNP and (b) FCNG. The Q2 quadrant represents
cells that have fluorescein-labelled nanoparticles and the THP-1 MoM marker (both FITC and
PE positive). Q2 is 67.1 % for FCNP and 73.7 % for FCNG (224).

The presence of FCNG was further confirmed by the high intensity fluorescence for the
3 different fluorophores, corresponding to fluorescein (FITC), cell membrane labelling (PE)
and GRP (ALEXA 647). The first plot shows the debris exclusion in the side scatter (SSC) vs.
the forward scatter (FSC) (a, Figure 2.9). In plot b, 73.7 % of the population was double
positive, positive for FITC and PE, indicating that fluorescein-labelled nanoparticles and the
THP-1 MoM marker were gated. Plot ¢ shows the selection of the population of interest,
FCNG++, which represents THP-1 MoM cells with fluorescein-labelled nanoparticles
containing GRP labelled with Alexa 647 (73.3 % are triple positive for FITC, PE and Alexa
647) (c, Figure 2.9).
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Figure 2.9 Flow cytometry gating strategy. Population of interest was first (a) gated on a forward
scatter (FSC)/side scatter (SSC) plot to remove cell debris and then (b) gated on Q2, which
represents cells that are positive for fluorescein-labelled nanoparticles and positive for THP-1
MoM marker (73.7 % are double positive for FITC and PE). These were then further (c) gated
for the subset of interest, FCNG++, that represents THP-1 MoM cells with fluorescein-labelled
nanoparticles containing GRP (73.3 % are triple positive for FITC, PE and Alexa 647) (224).

2.3.4 Effect of fluorescein labelled chitosan/TPP nanoparticles (FCNP) and
fluorescein labelled chitosan /TPP nanoparticles containing ucGRP (FCNG)
in the inflammatory response of THP-1 MoM and articular cells

The capacity of nanoparticles containing ucGRP to modulate the inflammatory response of
stimulated THP-1 MoM and articular chondrocytes and synoviocytes was further evaluated.

2.3.4.1 Inhibition of LPS-induced inflammatory response by FCNG and
FCNP on THP-1 MoM cells

To evaluate the anti-inflammatory potential of encapsulated ucGRP (FCNG) in the
inflammatory processes occurring in OA, a first functional evaluation was performed on THP-
1 MoM cells. LPS-stimulated THP-1 MoM cells were pre-treated with FCNP and FCNG for
2h, 8h and 24h, followed by 24h LPS stimulation. The effect of DXM was also analysed as a
positive anti-inflammatory control. Cell viability of THP-1 MoM exposed to (11.7 + 4.5) x 10°
particles/mL of FCNG and FCNP, was assessed by the MTS cell proliferation assay, and no

toxicity was observed in the concentrations tested (Figure 2.10).
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Figure 2.10 Cell viability of THP-1 macrophages treated with FCNP and FCNG. Effect of
(11.7 £ 4.5) x 10° particlessmL FCNG and FCNP in THP-1 MoM after 24h of exposure assessed
by the MTS cell proliferation assay (224).

The anti-inflammatory effect of FCNG was analyzed at different time points by
measuring levels of TNFa released into the cell culture media. The results show decreased
TNFa levels in FCNG-treated cells at all-time points tested, with the highest effect at 8h and
prolonged until 24h of pre-treatment (Figure 2.11). An anti-inflammatory effect of the FCNP
was also observed, although restricted to the 2h of nanoparticles pre-treatment, at the

inflammation peak response (Figure 2.11).
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Figure 2.11 Anti-inflammatory effect of FCNP and FCNG in LPS-stimulated THP-1
macrophages. Evaluation of inflammatory marker TNFa was performed in the cell culture
media of THP-1- MoM, previously treated for 2h, 8h or 24h with (11.7 + 4.5) x 10° particles/mL
FCNP or FCNG, and then stimulated with LPS (100 ng/mL) for further 24h. Dexametasone
(DXM, 2 uM) was used as a positive anti-inflammatory control and non-stimulated cells as
controls to LPS stimulation. Data are representative of three independent experiments (n=3),
with triplicates. Two-way Anova and multiple comparisons were achieved with the Dunnett’s
test, and statistics presented were performed relatively to the LPS-stimulated condition. Both
graphs show mean + SD. Statistical significance was defined as p <0.05 (*), p <0.005 (**) and
p < 0.0005 (*¥**)(224).

2.3.4.2 Relation between FCNG treatments and GRP levels in THP-1 MoM
cells

In order to explore the relation between levels of GRP and the anti-inflammatory activity
observed in THP-1 MoM, GRP content was measured intracellularly and extracellularly in
THP-1 MoM, cultured in LPS-induced inflammation and non-stimulated conditions, treated
with (11.7 + 4.5) x 10° particles/mL of FCNG and FCNP for 24h, or left untreated as controls.
Results indicate higher levels of endogenous GRP in THP-1 MoM cells stimulated with LPS
when compared to non-inflamed cells. Importantly, higher intracellular levels of GRP were
observed in cells pre-treated with FCNG, either with or without LPS- stimulation, relatively to

the control untreated cells and to LPS stimulated cells. An equivalent increase of GRP levels
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was observed in the respective culture media of THP-1 MoM cells treated with FCNG (b,
Figure 2.12). Cells pre-treated with FCNP did not present any significant increase in
intracellular or extracellular GRP levels, relatively to untreated or LPS stimulated cells (a,
Figure 2.12). These results indicate that treatments with FCNG are able to increase intracellular
and extracellular GRP levels, suggesting nanoparticle cell internalization, in accordance with
the data obtained by flow cytometry. The increase of GRP in the cell culture media of FCNG
treated THP-1 MoM cells might be either resultant of a direct release from FCNG particles or
as result of FCNG internalization by THP-1 MoM cells and further extracellular release.
Overall, these results support the hypothesis that the anti-inflammatory activity of FCNG in
THP-1 MoM cells is mediated by increased GRP levels.
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Figure 2.12 Evaluation of the GRP content in THP-1 MoM treated with FCNG and FCNP,
under inflammatory or control conditions. Levels of total GRP were measured in the cell
extracts (a) and culture media (b) of THP-1 MoM untreated cells, or pre-treated for 24 h with
(11.7 + 4.5) x 10° particles/mL of FCNG or FCNP, with or without further stimulation with
LPS (100 ng/mL) for 24 h. Data are result of one experiment, with triplicates. Two-way Anova
and multiple comparisons were achieved with the Dunnett’s test. Statistical significance was
defined as p < 0.0005 (***) (224).

Overall, these results are indicative that the anti-inflammatory effect of FCNG
previously observed is mediated not only by increased extracellular GRP levels from the
exogenously added GRP nanoparticles, but also by the increased intracellular GRP levels, most

probably resulting from FCNG uptake by THP1-MoM cells.
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2.3.4.3 Effect of GRP content in the formulation of FCNG on the anti-
inflammatory response of THP-1 MoM

Additionally, FCNGs were produced with increasing concentrations of GRP, theoretically
containing 0.05 % (FCNG), 0.25 % (FCNGo.2s), and 0.375 % (FCNGo.37s) (w/w) of GRP
respective to the FC content considering that all protein used for nanoparticles production was
effectively loaded, with similar dry weight yielding. In contrast to the distributions primarily
unimodal observed for FCNP and FCNG formulations, the nanoparticle distribution for
FCNGO0.25 and FCMGO0.375 displayed multiple peaks with different relative intensities,
spanning up to 180 nm (Table 2.3). The concentration of total particles remained consistent
across all preparations, including FCNP and FCNGs, with no statistically significant
differences (Table 1). The relative levels of GRP measured in the supernatant, representing the
fraction of non-encapsulated GRP, relative to the initial protein used in the synthesis, suggest
that most of the ucGRP was incorporated, indicating a high degree of protein encapsulation and
therefore a high association efficiency (AE), ranging from 97.8 £1.81 in FCNGo.25 t0 99.9 +0.05
in FCNGo.375 (Table 2.3). The zeta potential was also assessed, with no significant variations
(Table 2.3).

Table 2.3 Production yields and physicochemical characteristics of nanoparticles containing
different percentage of ucGRP (FCNG, FCNGo2s and FCNGoars): production yield,
polydispersion index (PDI), zeta potential, size variation, particles concentration and ucGRP
association efficacy (AE). Data are shown as result of at least 6 independent preparations for
yield determination, and at least 3 independent preparations for AE. Values are presented as
mean + SD.

Range Size**

Sample Production PDI* Zeta (relative amount, %) Particles AE***
Yield Potential* Concentration** (%)
(%) (mV) (particles/mL)

0-180 nm 180 — 400 nm

FCNG 151+6.7 0.39 +0.06 381+73 77908 211+11 (145+3.4) E+9 99.8+0.1
FCNGo.2s 17.1+3.8 0.37 £0.08 44771 85+7.2 146+8 (14.6 +1.6) E+9 97.8+1.8
FCNGoars 15.6+3.4 0.39 +£0.07 40223 90.6+2.3 9.25+21 (12.4 +1.06) E+9 99.9 £ 0.05

* Data obtained from DLS analysis; ** Data obtained from NTA analysis; *** Data obtained from Elisa, specific for GRP.

Considering the previous results showing that FCNG remained active on modulating

the inflammatory response of THP-1 MoM, by decreasing the levels of TNFa, after 24h of pre-
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treatment followed by 24h of LPS exposure (Figure 2.13), similar experimental conditions
were followed to evaluate the anti-inflammatory activity of (11.7 * 4.5) x 10° particles/mL of
FCNG, FCNGo.2s and FCNGo.375. Measurements of TNFa in the cell culture media showed a
decrease of TNFa accumulation similar for all concentrations of ucGRP in the nanoparticles
formulations, 0.05 % (FCNG), 0.25 % (FCNGo.2s), and 0.375 % (FCNGo.a7s) (W/w). These
results indicate that increased levels of GRP available for nanoparticle formulations, with a
high protein association efficacy rate, did not promote significant results in terms of anti-

inflammatory effect (Figure 2.13).
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Figure 2.13 Anti-inflammatory effect of different FCNG formulations, in LPS-stimulated
macrophages. ELISA for the evaluation of inflammatory marker TNFa levels in the cell culture
media of THP-1 MoM, pre-treated for 24 h with (11.7 + 4.5) x 10° particles/mL of FCNG
loaded with different ucGRP contents, 0.05 % (FCNG), 0.25 % (FCNGo.2s), and 0.375 %
(FCNGo.375) (w/ w), and then stimulated with LPS (100 ng/mL) for further 24h. Data resulted
from two independent experiments (n=2), with duplicates. Dexametasone (DXM, 2 uM) was
used as a positive anti-inflammatory control. Two-way Anova and multiple comparisons were
achieved with the Dunnett’s test. Both graphs show mean + SD. Statistical significance was
defined as p < 0.0005 (***).
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2.3.4.4 Evaluation of the anti-inflammatory potential of ucGRP-loaded
nanoparticles (FCNG) on the inflammatory response of articular
synoviocytes and chondrocytes

The results of anti-inflammatory activity of FCNG obtained in THP-1 MoM cells led us to
further test the activity of the GRP nanoformulation on a previously established articular OA
cell system, consisting of human chondrocytes and synoviocytes primary cell cultures. Based
on previous results, the nanoformulation used in the following in vitro cell assays was FCNG,
containing the lowest percentage of ucGRP used in the nanoparticle formulation (0.05 %, w/w,
of protein in relation with FC content). Human synoviocytes and chondrocytes were pre-treated
with FCNP and FCNG, followed by IL-1p stimulation, to simulate an inflammatory OA
scenario (227). Cell viability was assessed by the MTS cell proliferation assay, and the results
indicate no cell cytotoxicity of FCNP or FCNG in either chondrocytes or synoviocytes (Figure
2.14).
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Figure 2.14 Cytotoxic effect of 24 h of exposure of (a) synoviocytes and (b) chondrocytes to
FCNG and FCNP [(11.7 + 4.5) x 10° particles/smL]. Data resulted from two independent
experiments (n=2), with triplicates (224).

The effect of FCNG and FCNP nanoparticles was assessed by measuring the levels of
the inflammatory marker IL-6 released to cell culture media. In chondrocytes, an anti-
inflammatory response of the FCNP and FCNG was observed, with a reduction in the
accumulation of IL-6, with higher expression in the culture media of cells pre-treated with
FCNG (a, Figure 2.15). FCNP and FCNG pre-treatment of synoviocytes, did not interfere with
the inflammatory response of the IL-1p stimulated cells (b, Figure 2.15). These results indicate

increased anti-inflammatory functional activity of FCNG in chondrocytes in relation to
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synoviocytes, at least in the experimental conditions tested.
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Figure 2.15 Anti-inflammatory effect of FCNP and FCNG nanoparticles, in stimulated
synoviocytes and chondrocytes. ELISA of the inflammatory marker IL-6 present in the cell
culture media of (a) chondrocytes and (b) synoviocytes pre-treated for 24 h with (11.7 + 4.5) x
10° particles/mL of FCNG or FCNP, or dexametasone (DXM, 2 pM)) and then stimulated with
IL-1B (10 ng/mL) for further 24 h. Data resulted from at least three independent experiments
(n=3), with triplicates. DXM was used as a positive anti-inflammatory control. Two-way Anova
and multiple comparisons were achieved with the Dunnett’s test. Graphs show mean + SD
Statistical significance was defined as p < 0.05 (*), p < 0.005 (**) and p < 0.0005 (¥**) (224).

2.4 Discussion

In this chapter, the capacity of GRP in regulating inflammation, one of the two major and
interlinked molecular processes affecting OA progression along with mineralization, was
addressed in immune cells, more specifically in LPS activated THP-1 MoM. GRP demonstrated
to be able of modulating the inflammatory response of immune cells, independently of its
degree of y-carboxylation. Moreover, the process of ucGRP encapsulation as a drug-delivery
strategy, using biocompatible chitosan-based nanoparticles as the drug vehicle, was for the first
time investigated. The anti-inflammatory profile of the novel nanoformulation containing
UcGRP was evaluated and results indicated that FCNG were capable of manipulate the
inflammatory response in activated macrophages, and also in human cultured chondrocytes,
demonstrating an effective delivery of the protein and the retention of GRP anti-inflammatory
activity. Although the specific mechanism of action of FCNG in different cell-specific
inflammatory conditions remains unknown, the overall reduction of pro-inflammatory
mediators suggests promising therapeutic potential for FCNG in chronic inflammatory diseases
(CIDs).
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It is well established that GRP acts as a calcification inhibitor with a dependence on
GRP y-carboxylation (159), and previous studies demonstrated that although both forms of
protein, cGRP and ucGRP, had mineral binding capacity, only cGRP was able to reduce
mineralization in articular chondrocytes and synoviocytes, under mineral stimuli (173).
Additionally, results showed that GRP was also involved in osteoarthritic inflammatory
processes, acting as an anti-inflammatory agent in both articular cells, but interestingly, this
activity seemed to be independent of GRP y-carboxylation status, indicating a possible parallel
mechanism of action (173). This duality in the mode of action of GRP in the OA context and
its relation with GRP carboxylation status previously explored in both chondrocytes and
synoviocytes, was here investigated in immune human macrophages, an important cell type
involved in OA. Macrophages are described to play a significant role in modulating joint
inflammation in OA, by maintaining tissue homeostasis and protecting the host from infection.
However, in case of chronic inflammation, macrophages start producing molecules responsible
for cartilage degeneration (228). In fact, accumulation of macrophages in the synovial lining
layer (240-241), and the implication of macrophages in OA pathogenesis has been
demonstrated, as consequence of their contribution to matrix degradation and calcification
through secreted inflammatory mediators, growth factors and proteinases (231).

In the present work, GRP was able to interfere with the inflammatory mechanism
response as an anti-inflammatory agent in LPS THP-1 stimulated macrophages by reduction of
the inflammatory marker TNFa. This result was in line with data aiming to explore the capacity
of immune cells for expression and carboxylation of GRP, and its association with
inflammatory responses, that revealed the presence of GRP in immune monocytes and
macrophages (203), and indicated that GRP behaved as an endogenous anti-inflammatory agent
in LPS and hydroxyapatite (HA) stimulated THP-1 MoM (203).

Additionally, GRP y-carboxylation, demonstrated as essential for its anti-mineralization
effect, was not required for the observed GRP anti-inflammatory activity in THP-1 MoM, in
agreement with parallel results for chondrocytes and synoviocytes (173). Both treatments with
UcGRP and cGRP resulted in a decrease of the inflammatory response. Nevertheless, it was
noticed a less extended effect and independent of the concentrations for the cGRP treatment
(203). These results reinforce that the mechanism of action of GRP acting as anti-calcifying or
anti-inflammatory agent, seem to be independent. It is important to strengthen that
independently of targeting distinct disease pathways, GRP will continuously have an impact in
the relation inflammation-calcification. Indeed, by avoiding calcification, cGRP contributes to

avoid chondrocyte differentiation towards a mineralizing and hypertrophyc phenotype (76),
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circumventing ECM disruption and consequently reducing the probability of inflammatory
events. In a similar way, by avoiding inflammatory pathways, ucGRP will contribute to
cartilage homeostasis, preventing ectopic calcification potentiation.

Despite the potential therapeutic profile of GRP in OA, GRP was shown to have limited
solubility at neutral pH (157) with possible implications in terms of bioavailability, limiting its
use in therapeutics. The possibility of protein encapsulation as a strategy to overcome the GRP
solubility issue was therefore explored in this study. Considering the former results, showing
that y-carboxylation is not required for GRP anti-inflammatory activity, biosynthetic ucGRP
was chosen to be encapsulated. The integration of bioactive compounds into chitosan-based
nanoparticles is a therapeutic strategy already explored and in use, as chitosan is a
biocompatible, nontoxic, with high bioavailability and chemical resistant polymer (211-
213,243). Low molecular weight chitosan was selected to prepare ucGRP containing chitosan-
based nanoparticles, as the nanoscaled size of chitosan particles have significant correlation
with its molecular weight (217).

Fluorescent labelling of nanoparticles is an important approach that allows the
monitoring of populations distribution and accumulation, and an intra and extra cellular particle
tracking, representing a very useful biomedical and pharmacological tool (235). The synthetic
approach implemented, via ionic gelation methodology (217), was based in positively charge
chitosan and ucGRP by acidification of the respective solutions, reacting with anionic TPP.
Anionic TPP is one of the most used cross-linker in the preparation of chitosan nanoparticles
because it is a small and non-toxic cross-linking agent, able of establishing strong binding with
positive amine groups of chitosan (220,225,245). The ratio TPP/CS was the recommended for
the formation of nanometer-sized particle suspensions (237), avoiding aggregation and
consequent precipitation through chitosan chain crosslinking in the presence of higher
concentrations of the anionic TPP. Indeed, PDI values for both FCNP and FCNG formulations
were within an acceptable range for biomedical or pharmaceutical applications (up to 0.5). The
nanoparticles generated in this study revealed their nanoscale dimensions, ranging from 120 to
150 nm, which aligns with the majority of previous reports on CS-based nanoparticles produced
using similar methods, with sizes ranging from 40 to 250 nm (246-248). In this study,
fluorescein-labeled CS was used to produce FCNP and FCNG formulations, which may exhibit
different sizes compared to unlabeled CS-based nanoparticles. However, it has been
demonstrated that similar fluorescein labeling does not interfere with the properties of CS
nanoparticles (244,249).

ucGRP was successfully encapsulated in FC-based nanoparticles with an association
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efficiency of approximately 99 % for all ucGRP/FC contents, in concordance with previous
reports showing the higher loading efficiency of this incorporation method (246,248), and
justified in part by the low % of ucGRP to be uploaded relatively to the FC content. These
results are indicative of a non-saturation point of protein loading, meaning that higher content
of GRP may be uploaded into this nanoformulation, if needed. Moreover, FCNG’s broader
particle distribution indicates a range of particles slightly differing in size, which might reflect
different quantities of ucGRP molecules encapsulated. Although a considerable increase of the
amount of protein for nanoparticle incorporation was made available, it did not lead to
significant changes in the production yields, apparently not contributing to a more efficient
ionic gelation protocol, although a more complete study is needed to afford further conclusions.
Despite the high association efficiency of ucGRP, the mean size of FCNG nanoparticles was
found to be comparable to that of FCNP, which was anticipated due to the small molecular
weight of the protein. The slight size increase of FCNG relatively to unloaded FCNP, might
reflect the fact that positively charged GRP could compete with the ionic interactions between
the FC NHs" groups and the TPP phosphate moieties, allowing less FC/TPP strong bonding and
therefore slightly larger particles. The cationic surface charge of loaded FCNG was not
significantly different from the FCNP surface charge, though a slight decrease tendency is
observed, but still in the acceptable range for stable colloidal dispersions (241).

TEM images revealed that nanoparticles, FCNP and FCNG, are apparently spherical
and with similar morphology. The populations observed were heterogeneous in terms of size,
in agreement with data available of similar chitosan-based nanoparticles, and explained by
different factors known to influence nanoparticles size, such as chitosan concentrations and
molecular weight, the degree of CS acetylation, and the CS/TPP molar ratio, as mentioned
before (246,251). Flow cytometry confirmed the effective presence of ucGRP in the FCNG
formulation, and FCNP and FCNG cellular uptake, by THP-1 MoM. While our current data
doesn't provide specific differentiation between intracellular and surface-located FCNG, CS
and FCNPs are recognized for their effective internalization by cells. This process is primarily
facilitated by nonspecific electrostatic forces that increase the paracellular permeability,
opening tight junctions. Additionally, it involves adsorptive endocytosis, partly mediated by
clathrin-mediated mechanisms, and in the case of macrophages, phagocytosis
(213,246,248,249,252). The use of complementary techniques, such as fluorescence
microscopy could improve the analysis of protein-particle interactions. By incorporating
immunofluorescence targeting GRP, it becomes possible to visualize the protein and determine

its relative localization in relation to the nanoparticle.
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UCGRP releasing studies from FCNG revealed that approximately 15 % of ucGRP was
released from the nanoparticles at the nanoparticles pellet resuspension time, probably
correspondent to the desorption of GRP from nanoparticle surface. That release rate was kept
almost constant throughout 48h, reflecting a sustained protein release. The hydrogel structure
of FC nanoparticles is dynamic and dependent on pH, and at a close to neutral pH (pH of cell
culture media used for releasing and biological studies), it is expected that the chitosan hydrogel
matrix remained stable, preventing a burst release of ucGRP and allowing a slow delivery of
the drug, as it is desired for functional purposes. This observation provides some insight into
the extended anti-inflammatory effect of FCNG. In fact, GRP nanoformulations demonstrated
maximum anti-inflammatory response during the peak of cell stimulation, that remained
effective for a continuous 24-hour period. This observation could be attributed to the higher
concentration of GRP present, as elevated levels of GRP were detected in both THP-1 MoM
cells and their culture media, irrespective of LPS stimulation. Interestingly, the cells treated
with FCNG demonstrated a more significant increase in GRP levels compared to the basal
(endogenous GRP) and also to the LPS-stimulated conditions (203), both intracellularly and
extracellularly. This suggests effective internalization of GRP and preservation of its anti-
inflammatory activity, either through FCNG cell incorporation and subsequent GRP release or
through extracellular protein release from the nanoformulation. Additionally, the elevated GRP
levels may also be attributed to a self-upregulation effect of GRP, wherein the endogenous GRP
is increased. However, further studies are required to confirm this possibility.

IL-6 and TNF-a are the main cytokines associated with inflammation, and correlated to
the progression of knee cartilage loss and with OA severity (253-255). Higher levels of IL-6
were found in the synovial fluid of patients with symptomatic cartilage lesions and of OA
donors, when compared to healthy individuals. Osteoarthritic chondrocytes produce higher
concentrations of IL-6 during regeneration (254-255), and the activity of IL-6 was directly
related with cytokines and growth factors present during OA, such as IL-1B, TGF-B, and
prostaglandins (247). Importantly, up-regulation of 1L-6 showed the detrimental potential of
calcification in OA, and increased levels of IL-6 and BCP were associated with cartilage
degradation through the induction of matrix-degrading enzymes activity in chondrocytes (247),
feeding the vicious cycle of inflammation-calcification and leading to the disease progression.
IL-1pB stimulation of primary articular chondrocytes and synoviocytes has been used previously
to mimic OA (173). It is expected that IL-1 treatment could reflect part of the inflammatory
process, particularly with impact on 1L-6 accumulation. IL-1B concentrations have been used

in in vitro studies in concentrations ranging from 5 to 100 ng/mL, though with a similar
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inflammatory outcome (227), and in this study 10 ng/mL were used.

Our findings demonstrate the anti-inflammatory properties of FC based nanoparticles
across the stimulated in vitro cell systems of THP-1 MoM and chondrocytes, strengthening the
beneficial utilization of the CS excipient, as it not only meets the necessary requirements for
GRP delivery but also provides an additional therapeutic effect. This is not surprising, as
chitosan has been shown to reduce the production of inflammatory and catabolic mediators by
OA chondrocytes and tended to stimulate the synthesis of cartilage matrix components. In fact,
its N-acetyl-glucosamine and glucosamine monomers, natural components of cartilage, have
been proven to be chondroprotective (220,226,257) representing an advantage to the OA drug
delivery system, as a potential synergetic drug-partner. In this study, FCNG exhibited their
functionality through their immunomodulatory activity, by effectively reducing pro-
inflammatory cytokines and inflammation mediators in in vitro THP1-MoM and chondrocyte
cell systems. This was evidenced by the decreased of TNFa and IL-6 levels after cell
stimulation, that clearly indicate the preserved anti-inflammatory activity of GRP (ucGRP)
already reported (178,209), in the FCNG formulation.

Overall, in this chapter we investigated encapsulated ucGRP as a possible therapeutic
agent in OA, with the possibility of improving the protein bioavailability and activity stability,
by the development of chitosan-based nanoparticles. Cell treatment with FCNG resulted in the
decrease of the inflammatory responses of stimulated THP1-MoM and chondrocyte cell
systems, with indication of GRP activity preservation through an effective protein delivery
system, probably through a particle cell internalization process. It was shown that successfully
encapsulated uncarboxylated GRP contributed to control the levels of inflammatory mediators,
such as TNFa in activated THP-1 MoM and IL-6 in stimulated chondrocytes. Although the
mechanism of action of FCNG has not been explored, it can be anticipated that the established
anti-inflammatory effect of GRP released from the formulation, eventually potentiated by
chitosan itself, might represent a feasible strategy to attenuate cartilage damage through
dropping inflammation and like that protecting against early OA.
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Abstract

In this chapter, we developed a novel osteoarthritis (OA) preclinical drug development pipeline
designed to evaluate the anti-inflammatory and anti-mineralizing activities of potential OA
preventive or modifying compounds, and to achieve a deeper knowledge in the interplay
between inflammation and mineralization processes in OA. After an initial screening using
THP-1 macrophages, the testing workflow was based on in vitro synoviocytes and chondrocyte
primary cell cultures, followed by human cartilage explants assays and a new 3D co-culture
model, combining human cartilage with synoviocytes, representing a close to in vivo OA
scenario, under inflammatory interleukin-1f (IL-1B) or mineral hydroxyapatite (HAP)
stimulation. A combination of gene expression analysis, measurement of cytokine/chemokine
production levels, and histopathological characterization of cartilage tissues, showed that the
proposed OA models respond to both stimuli. Overall, the 3D OA model mimicking early OA
disease stages, allow new insights into the disease mechanisms, and promote the evaluation of
potential novel agents as modulators of OA progression and their potential use in therapeutic

or prophylaxis.

3.1 Introduction

The inexistence of OA effective treatments and the failure of many potentially efficacious drugs
when reaching clinical trials are the main contributors to the critical health situation of OA. The
process of drug development is time consuming and costly, with most drugs failing in clinical
trials, mainly due to preclinical assays limitations that may compromise information about
safety and efficacy (249). So, it is imperative to simultaneously invest more efforts in
preclinical models, creating new approaches to improve and accelerate drug development
pipeline, and search for new drug targets to fight this multifactorial disease affecting the whole
joint (250).

It is well accepted that to date, no single ideal experimental OA model exists, and
preclinical animal models, differing from the human context rarely translate to the clinic
scenario (117). New approaches may include the development of preclinical set-ups integrating
simple, rapid and effective screening assays using the advantages of 2D cell culture systems to
select the most promising drug candidates, which would be further tested in more complex

disease models, closer resembling the pathologic context of OA.
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A major constrain in the discovery of new disease-modifying osteoarthritis drugs
(DMOADSs) with important clinical benefit, as well as in the search for new drug targets, has
been the lack of reliable models able to simulate the physiologic OA scenario. Monolayer cell
culture approaches have been widely used to study specific molecular aspects of OA
pathophysiology, and although they present several advantages such as an easy manipulation
and controlled investigational conditions, these are limited by the lack of a physiologic context
(97,238,260). The limited interactions with biological surroundings and the requirement of
being cultured and growing in a planar flat plate, alter the cell morphology and leads to cell
polarization, with impact in several signaling pathways (227). Additionally, chondrocytes and
synoviocytes have been considered as the OA cell model, subestimating the contribution of the
other cell types involved in the articular joint (252). It is therefore understandable that to create
a more complete and reliable model for the study of OA, the diversity of articular joint tissues
should be considered and investigated as a whole entity. In that sense, 2D co-cultures using
transwell plate models represent an improvement over monolayer systems, as it allows the study
of cell exchanges, through the investigation of secretory mediators present in the cell culture
media. Nonetheless, some limitations are unavoidable such as the inability to explore direct
cell-cell connections or the essential cell-ECM interaction. A wide range of three-dimensional
human tissue systems, taking into consideration cell-cell and cell-extracellular matrix
interactions have been developed to overcome some of the limitations of conventional 2D cell
culture systems. Explant-based models derived directly from in vivo tissue maintain cells in
their 3D context, allowing the investigation of a variety of factors through multiple treatments,
representing an upgrade over 2D models. Even though, human tissue sources are limited and
are still not demonstrative of the OA heterogeneity (97,261). In vivo models were used and
optimised to mimic idiopathic primary OA and secondary OA, and are required to assess drug
efficacy before entering clinical trials and the drug approval process. Preclinical animal models
represent a more complete and a biologically more complex system, but are not totally
representative of the human physiopathology, frequently leading to the failure of therapeutic
responses in a later stage of the drug validation process (238,262).

In vitro OA models usually include the use of IL-1f or TNF-a to induce an OA
inflammatory phenotype (239,263). After stimulation, the biological potential of the drug under
screening is evaluated by the ability of attenuating the increased catabolic factors [IL-1p,
TNF-0, NO, PGE2, Cyclooxygenase 2 (COX-2), MMP3, MMP13, ADAMTS-4 and
ADAMTS-5] or promoting anabolic mediators (Insulin-like growth factor 1 (IGF-I), TGF-8,
BMPs, Cartilage-derived morphogenetic proteins (CDMPs), and IL-4], thus its ability of
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preventing inflammation and preserving the articular cartilage integrity (259,264).

In OA, inflammation plays an important role by interplaying with calcification in a cycle
of extracellular matrix (ECM) degradation, apoptosis and mineral deposition, contributing to
local tissue damage and failed tissue repair, resulting in cartilage loss and progressive joint
deterioration (84,265). The interplay between calcification and inflammation is a well-
established promotor of OA progression, and the crosstalk between the two events should be
further explored in preclinical studies. In this chapter the development of a preclinical pipeline
for drug activity assessment is described This pipeline allows the evaluation of the anti-
mineralizing and anti-inflammatory activity of new drugs in OA, contributing to better
understand this interplay in the disease's physiopathology. The testing workflow culminates
with a 3D OA co-culture system includes cartilage ex vivo explants and synoviocytes to allow
new insights into the mechanism of the disease and provide a closer-to-in vivo OA scenario

useful for preclinical evaluation of novel therapeutic agents.

3.2 Experimental procedures

3.2.1 Biological material and sample processing

Primary human chondrocytes and synoviocytes were commercially acquired (chondrocytes,
Lonza, Visp, Switzerland; synoviocytes, ECACC, Sigma-Aldrich, St. Louis, MO, USA) and
obtained from human tissue explants using well-defined methodology (229, 266). THP-1 cell
line was kindly given by Dr. Nuno Santos (CBME, University of Algarve, Faro) and all cell
types were cultured following the same guidelines as indicated in Experimental Section of
Chapter 2.

3.2.2 Inflammatory assays in monolayer cells

THP-1 macrophage cells (THP-1 MoM) (1 x 108 cells/mL) were cultured in 500 pL of complete
RPMI, using 24-well plates, and treated with 100 ng/mL of lipopolysaccharides (LPS, 100
ng/mL) for 24 h, 48 h and 96 h, or synthetic hydroxyapatite nanocrystals (HAP) (Sigma) (250
pg/mL, 500 ug/mL or 750 pg/mL) for 72 h, respectively. Confluent chondrocytes and
synoviocytes were cultured in 1 mL of Advanced DMEM, using 12-well plates, and further
treated with 10 ng/mL of interleukin-1p (IL-1p) for 3 h and 6 h, or with 750 pg/mL HAP for
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6h. As controls, cells were cultured with respective media without any treatment. At determined
time points, cell culture media were collected for ELISA analysis and cells harvested for RNA

extraction.

3.2.3 Cell proliferation

THP-1 MoM seeded in 96-well plates at 2 x 10° cells/well, and confluent chondrocytes and
synoviocytes, were cultured in their respective growth media and supplemented with different
concentrations of HAP. Cell viability was determined at appropriate time points using the
CellTiter 96 cell proliferation assay (Promega, Madison, WI, USA), following manufacturer’s

instructions.

3.2.4 Cartilage collection and tissue explants preparation

Knee articular cartilage was obtained from osteoarticular cuts performed on the femoral and
tibial sides, from eight patients (4 male and 4 females, aged 71,5 + 5,9 years) who had
undergone arthroplasty surgeries at Hospital Particular do Algarve (Faro, Portugal). This study
was approved by the ethics committee of the hospital, and written informed consent was
obtained from all the participants. All principles of the Declaration of Helsinki of 1975, as
revised in 2000, were followed. Macroscopically normal full-depth cartilage slices were
removed in sterile conditions using a scalpel, collected in complete Advanced DMEM media,
and incubated for 24 h, at 37 °C, in a humidified atmosphere containing 5 % CO3, for tissue
equilibration before preparation of tissue explants. After equilibration, 2 mm diameter and 1,71
+ 0,70 mm thickness cartilage explants, were obtained using a 2 mm biopsy punch (Integra-
Miltex). Samples of the initial cartilage explant tissues were fixed in 4 % PFA for histological

evaluation.

3.2.5 Cartilage explant assays

Cartilage explants (8-10 per well) were plated in a 12 well plate and cultured at 37 °C, in a
humidified atmosphere containing 5 % CO., in 1 mL of complete Advanced DMEM media and
underwent distinct treatments. Explant mineralization treatments were performed with HAP
(750 pg/mL) for 72 h. Inflammatory explant assay treatments were performed with either IL-
1B (10 ng/mL) or THP-1 MoM conditioned media (MCM), during 24 h, 48 h or 72 h. MCM
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was obtained by stimulating THP-1 MoM with LPS (100 ng/mL) for 24 h, 48 h and 96 h. Based
on the concentration of TNFo in the THP-1 MoM conditioned media, MCM after 96 h of culture
was selected for further use in the explant inflammatory assays. As controls, cartilage explants
were cultured without treatment. At the end of each experiment, cartilage explants were
collected, washed twice with PBS, immediately processed for RNA extraction as described
below, and the cell culture media collected for ELISA analysis.

3.2.6 Co-culture assays

Cartilage explants (10 per well) were plated in a 12 well plate and co-cultured with synoviocytes
in a transwell system (6.5 mm insert diameter, 3.0 um polyester membrane, Corning
Incorporated Life Sciences), in 1.8 mL of complete Advanced DMEM, at 37 °C, in a humidified
atmosphere containing 5 % CO». Co-cultures were supplemented with IL-1p (10 ng/mL) during
24 h, or HAP (750 pg/mL) during 72 h. Cartilage explants were collected as described above
for RNA extraction, and cell media collected for ELISA analysis. As controls, explants and
synoviocytes were cultured without treatment. At the end of each experiment, cartilage explants
were collected, washed twice with PBS, immediately processed for RNA extraction as

described below, and the cell culture media collected for ELISA analysis.

For the mineralization assays, co-cultures were supplemented with CacCl; to a final
calcium concentration of 5.4 mM for 2 weeks, with media changed every 3 days. Cartilage
explants were washed twice with PBS, and either collected in 4 % PFA for histological analysis
or lyophilized and weighted for calcium quantification. Dried tissues were completely digested
with nitric acid (65 %), and calcium content was measured by O-cresolphthalein complexone
chemistry using a colorimetric assay (Calcium assay CA-590, Randox, Co. Antrim, UK)
according to manufacturer’s recommendations, and normalized to cartilage explants dry

weight.

3.2.7 RNA extraction, cDNA amplification and quantitative real-time PCR
(qPCR)

Cartilage tissue was immediately snap-frozen and manually grounded to powder in liquid
nitrogen. Cells and tissue lysis was performed in a proportion of 1 mL of 4 M guanidine

thiocyanate solution per 107 cells or 100 mg cartilage tissue, thoroughly mixed and passed 10
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times through a 22G needle. Total RNA was further extracted as described by Chomczynski
and Sacchi (257). Briefly, homogenates were sequentially mixed with 2 M sodium citrate pH
4, phenol pH 4.2 and chloroform/isoamyl alcohol. After centrifugation, total RNA present in
the aqueous phase was precipitated with isopropanol, redissolved in 4 M guanidine thiocyanate
solution, reprecipitated in isopropanol, washed with 75 % ethanol and resuspended in water
(Sigma). RNA concentration was determined by spectrophotometry at 260 nm (Nanodrop 1000,
Thermo Scientific). RNA was then treated with RQ1 RNase-free DNase (Promega, Madison,
WI, USA) and reverse-transcribed using the gScipt cDNA SuperMix (Quanta bio) according to
manufacturer’s recommendations.

Quantitative real-time PCR reactions were performed using the CFX connect, Real time
System (Bio-Rad, Richmond, CA, USA), SoFast Eva Green Supermix (Bio-Rad), 300 nM of
forward and reverse gene-specific primers for genes of interest (Table 3.1), and a 1:5 cDNA
dilution. The following PCR conditions were used: initial denaturation/enzyme activation step
at 95 °C for 13 min, 50 cycles of amplification (one cycle is 15 s at 95 °C and 30 s at 68 °C).
Fluorescence was measured at the end of each extension cycle in the FAM-490 channel. Levels
of gene expression were calculated using the comparative AACt method and normalized using
gene expression levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), with the iQ5
software (BioRad).
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Table 3.1 Gene-specific primers used for gene expression analysis by qPCR.

Gene Primer Designation Sequence (5" to 3°)
GAPDH GAPDH_F AAGGTGAAGGTCGGAGTCAACGGA
GAPDH_R TCGCTCCTGGAAGATGGTGATGGG
COX-2 COX-2_F TGGTCTGGTGCCTGGTCTGATGATGT
COX-2_R GCCTGCTTGTCTGGAACAACTGCTCA
NF-kB NF-kB_F GCAATCATCCACCTTCATTCTCAACTT
NF-kB_R CCTCCACCACATCTTCCTGCTTAG
Col10 Col10_F AGCTGCCAAGGCACCATCTCCA
Col10_R AGTGGGCCTTTTATGCCTGTGGGC
MMP3 MMP3_F CGTGGCAGTTTGCTCAGCCTATCC
MMP3_R GCACTTCGGGATGCCAGGAAAGGT
Runx2 Runx2_F TCCGCAGGTCACTACCAGCCACC
Runx2_R GGTGTCACTGTGCTGAAGAGGCTGT
IL-6 IL-6_F AAGCAGCAAAGAGGCACTGGCAGAA
IL-6_R CTGCACAGCTCTGGCTTGTTCCTCAC

3.2.8 ELISA analysis

At the appropriated times, the cell culture media were collected and treated as described in
section 2.2.10.1, and supernatants used for the quantification of TNFa (Peprotech), 1L-6
(Peprotech) and MMP3 (Life Technologies), using commercially available ELISA kits and

following the manufacture’s protocols.

3.2.9 Histological evaluation

Paraffin-embedded cartilage tissue sections were processed at the Histopathology Department
of Centro Hospitalar e Universitario do Algarve (CHUA, Faro) and used for histological
assessment. Cartilage grading of initial tissue samples was conducted based on modified criteria
originally established by Mankin et al (258), and the specimens were analyzed for tissue
abnormalities in terms of structure, cellularity and extracellular matrix staining, using
hematoxylin-eosin (HE, Bio-Optica, Italy), safranin-O (SO)/Fast Green (Sigma-Aldrich,
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Germany) and toluidine blue (Merck, Germany) staining (268-269) . Four tissue sections from
each sample were analyzed. Further histological evaluation of experimental cartilage sections
was based on HE and alcian blue staining, following the manufacturer’s specifications (Atom

Scientific). Mineral deposition was identified by von Kossa staining as described (261).

3.2.10 Statistical analysis

Each independent experiment (n) was performed with different primary cell culture batches and
cartilage from distinct patients. Replicates within an individual experiment were performed
using the same batch of cells and cartilage from a single patient. Data are presented as mean +
standard deviation (SD). Multiple t tests were used for comparison between two groups. For
more than two groups significance was determined using one-way analysis of variance
(ANOVA) with comparison between groups by Dunnett test. Statistical significance was
defined as p< 0.05 (*), p< 0.005 (**) and p=< 0.0005 (***).

3.3 Results

3.3.1 Establishing an in vitro OA cell system consisting of macrophages,
chondrocytes and synoviocytes

With the aim to create a novel OA preclinical drug development pipeline designed to mimic
the pathological mineralization and inflammation features associated with OA, and evaluate the
anti-mineralizing and anti-inflammatory activity of potential novel drugs, monolayer cultures
were implemented as a first screening for drug activity. Cell cultures are known to be easily
manipulated, allowing preliminary investigation of the critical pathological mechanisms, as
well as the evaluation of the drug effect on the cell phenotype. An in vitro cell system involving
the more relevant cells involved in OA, macrophages and the two main articular joint cell types,
was developed. Inflammatory IL-1pB stimuli know to trigger inflammation in OA, and the
mineralizing agent HAP associated with OA pathogenesis, were applied to the cell systems,
following previously optimized conditions (173).

THP-1 MoM were included in this pipeline as a first screening test for anti-
inflammatory compounds. Cells were treated with a range of HAP concentrations, from 250

png/mL to 750 pg/mL, to evaluate its capacity of inducing inflammatory responses, using
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bacterial endotoxins LPS as a positive control. This dose-dependence study was performed also
to explore the suitable HAP concentration to afford an acceptable inflammatory response that
could be further used in the biological assays. The levels of TNFa produced when using 750
png/mL HAP, were similar and close to the levels obtained after LPS induction, indicating that
HAP stimuli promoted the expected inflammatory response. Also, treatment with 750 pg/mL
HAP showed the higher accumulation of TNFa and was selected for further use in all assays

(a, Figure 3.1). HAP showed no toxicity in the concentrations tested (b, Figure 3.1).
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Figure 3.1 Inflammatory response of THP-1 MoM stimulated with different doses of HAP and
cell viability of THP-1 exposed to different HAP concentrations. (a) Levels of TNFa in cell
culture media of THP-1 MoM treated with different concentrations of HAP for 72 h. Data are
presented as means of two independent experiments (b) Viability of THP-1 macrophage cells,
exposed to different concentrations of HAP for 72 h. All graphs show mean +SD. One-way
Anova and multiple comparisons were achieved with the Dunnett’s test. Statistical significance
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was defined as p<0.005 (**) and p<0.0005 (***).

The inflammatory response was further evaluated in activated articular primary cells. Gene
expression profiling of inflammation and known OA-related markers, namely COX-2 and NF-
kB were assessed, and overexpression of both genes was observed under IL-1p stimulation,
with its peak occurring at 6 h for chondrocytes (a-b, Figure 3.2) and at 3 h of stimulation for
synoviocytes (d-e, Figure 3.2). Accumulation of IL-6 in chondrocytes and synoviocytes was

observed under IL-1p activation relatively to untreated cells (c-f, Figure 3.2).
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Figure 3.2 Levels and relative gene expression of inflammatory markers in articular primary
cells stimulated with IL-1p. Relative gene expression of COX-2 and NF-kB were determined
by qPCR, at 3h and 6h post IL-1B stimulation in (a, b) chondrocytes and (d, €) synoviocytes.
(c, f) Levels of IL-6 in cell culture media at 6h post IL-1f stimulation in (¢) chondrocytes and
(f) synoviocytes. Data are presented as means of three independent experiments. All graphs
show mean +SD. Multiple t tests were used for comparison between two groups and One-way
Anova and multiple comparisons were achieved with the Dunnett’s test. Statistical significance
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was defined as p<0.05 (*), p<0.005 (*¥*) and p<0.0005 (**%*).

HAP stimulation of chondrocytes and synociocytes for 6 h, resulted in an increase in
COX-2 expression in both cell types (a, ¢, Figure 3.3). Cell proliferation assays were performed
to confirm that HAP did not affect chondrocytes or synociocytes viability, and no cytotoxicity

was found in the conditions tested (b, d, Figure 3.3).
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Figure 3.3 Inflammatory responses of articular primary cells stimulated with HAP. Relative
gene expression of COX-2 was determined, at 6h post HAP (750 pg/mL) stimulation in (a)
chondrocytes and (c) synoviocytes. Viability of (b) chondrocytes and (d) synoviocytes, exposed
to different concentrations of HAP. Data are presented as means of two independent
experiments, with triplicates. All graphs show mean £SD. Multiple t tests were used for
comparison between two groups and One-way Anova and multiple comparisons were achieved
with the Dunnett’s test. Statistical significance was defined as p<0.05 (*) and p<0.005 (**).

Overall, the primary articular cell systems shown to be responsive to the inflammatory
and mineralizing stimuli, with inflammatory feedback translated into an increase of expression

and accumulation of specific pathologic OA markers.
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3.3.2 Setting up an ex vivo human cartilage based assay

Since cartilage is the main affected tissue in OA, and chondrocytes the unique cell type
constitutive of cartilage, cartilage tissue explants were selected as an experimental OA model
to evaluate the ex vivo response in the bioactivity testing pipeline. Human cartilage explants
used in all experimental conditions were classified as normal- to early-OA tissues through the
modified Mankin score (258). Histological analysis revealed a smooth surface, a normal and
uniform structural organization, and a normal to slight reduction in matrix staining, with

Mankin total score ranging from 1 to 4 in the 1/13 modified Mankin scale (Table 3.2).

Table 3.2 Modified Mankin score used for histological evaluation of human cartilage explants,
using hematoxylin-eosin (HE), Safradin-O (SO) and Fast Green as staining (268-269).

ID Sample Mankin Score Mankin Total
Score
Structure Cellularity Matrix Staining
1 0 0 1 1
2 1 2 3
3 1 0 2 4
4 0 1 4 4
5 0 0 1 1
6 0 0 4 4
7 2 0 1 3
8 2 0 2 4

Ectopic mineralization is a known trigger of several joint alterations, closely linked to
inflammation and cell differentiation, ultimately leading to cartilage degradation. Based on this,
cartilage explants responses were first assessed under HAP stimulation (Figure 3.4).

The results showed that HAP treatment significantly upregulated collagen-10 (Col10),
runt-related transcription factor-2 (Runx2), matrix metalloproteinase-3 (MMP3) and COX-2
gene expression, relative to controls (a, Figure 3.4), with simultaneous increased accumulation
of MMP3 and IL-6 (b, Figure 3.4).
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Figure 3.4 Hydroxyapatite (HAP) induce an upregulation of OA-related factors in cartilage ex
vivo explants. Human cartilage explants were cultured in the presence of HAP or in control
conditions (Ctr) for 72h. (a) Relative expression of Col10, MMP3, Runx2 and COX-2 marker
genes at 72h post stimulation with HAP (750 pg/mL). (b) Levels of MMP3 and IL-6 in cell
culture media were determined at 72h after stimulation with HAP (750 pg/mL). Data are
presented as means of four independent experiences. All graphs show mean + SD. Statistical
significance was assessed using Student’s t test, p< 0.05 (*), p< 0.005 (**) and p< 0.0005 (***).
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In order to explore the inflammatory potential of culture media from monocytes and
activated macrophages to trigger an inflammatory response in the ex vivo explant system, a first
experiment was performed to evaluate the levels of TNFa accumulated in the conditioned
media of THP-1 monocytes cultured during 14 days in control conditions, and of THP-1 MoM
stimulated with LPS (100 ng/mL) and collected at different times, from 24h to 96h (Table 3.3).

Table 3.3 Levels of TNFa accumulated in the conditioned medium of THP-1 MoM stimulated
with LPS, (24 h, 48 h and 96 h) (MCM) and THP-1 monocytes cultured in control conditions
for 14 days (CM).

CM/MCM TNFa (ng/mL)
THP-1 (14 days) 0.34 £ 0.009
THP-1 MoM (24 h) 1.12+0.005
THP-1 MoM (48 h) 0.89 £0.012
THP-1 MoM (96 h) 1.49+0.004

The highest levels of TNFa were found in the condition media of THP-1 MoM (MCM)
after 96 h of LPS activation (Table 3.3) and selected to use in inflammatory assays and
compared with IL-1p stimulation (Figure 3.5).

Gene expression of inflammation and ECM degradation markers were assessed to
evaluate the cartilage explant system response to inflammatory stimulation with IL-1p and
MCM (96 h). Overall, the study demonstrated that IL-1f activation generates higher expression
levels of the analysed genes, in the interval of 24 h to 48 h (Figure 3.5). MCM (96h) produced
a weaker effect, with higher impact in COX-2 and NF-kB expression between 24 h to 48 h
(Figure 3.5).
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Figure 3.5 Inflammatory response of human cartilage explants exposed to IL-1B and THP-1
MoM conditioned culture media (MCM). Relative expression of (a) COX-2, (b) MMP3 and (c)
NF-kB marker genes, treated with IL-1p (10 ng/mL) or MCM (96 h) at 24, 48 and 72h. Data
are presented as one representative experiment, with triplicates.

3.3.3 Establishment of an in vitro co-culture model suitable for the study of
OA, mimicking mineralization and inflammation events

Since in the joint environment, cartilage and synovial membrane are known to be involved in a
complex crosstalk affecting cartilage integrity and driving OA progression, an in vitro co-
culture model was developed to include in the preclinical testing workflow, representing a close
to in-vivo OA model. Human cartilage explants were co-cultured with primary human
synoviocytes and treated with IL-18 and HAP to simulate inflammatory and mineralizing

conditions, respectively.
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Increased gene expression of COX-2, IL-6 and MMP3 in the cartilage explants treated
with IL-1f (10ng/mL), clearly indicated an induction of inflammatory reactions and ECM
degradation at cartilage tissue level (a, Figure 3.6).

In order to analyse the effect of IL-1p at tissue level, cartilage explants treated in this
co-culture system with two concentrations of IL-1p (10 and 100 ng/mL) were analysed by
Alcian blue staining, and the results demonstrated a dose-dependent degradation of the ECM
with a progressive loss of proteoglycans in the superficial zone and chondrocyte hypertrophy

in the middle and deep zones (b, Figure 3.6).
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Figure 3.6 Cytokine stimulation of cartilage explants co-cultured with synoviocytes emulates
phenotypic and molecular cartilage alterations occurring in OA. Human cartilage explants were
co-cultured with human synoviocytes and stimulated with IL-1p. (a) Gene expression analysis
of cartilage tissue of COX-2, MMP3 and IL-6 after 24h of stimulation with IL-1p (10 ng/mL).
Data are presented as means of four independent experiences for COX-2 and MMP3, and two
independent experiments for IL-6. (b) Representative Alcian Blue staining of cartilage tissue
after 1 week of stimulation with 10 ng/mL and 100 ng/mL of IL-1B; scale bar represents 100
pum. Histological assessment of articular cartilage was based in distinct cartilage zones:
superficial, middle and deep zone (258).
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In addition, since HAP was shown to activate ECM calcification and degradation, cell
differentiation and inflammatory pathways in the cartilage explants, the effective mineral
deposition and the histomorphological features of cartilage tissue from the co-culture system
was evaluated after treatment in mineralization conditions with CaCl> for 2 weeks. Increased
calcium levels of the cartilage explant under mineralizing conditions (MM) were confirmed by
calcium quantification (a, Figure 3.7), and von Kossa staining revealed the presence of large

deposits of mineralized material in the vicinity of chondrocyte clusters (b, Figure 3.7).
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Figure 3.7 Mineral deposition and histomorphological features of cartilage explants co-
cultured with synoviocytes under mineralization conditions, with CaCl,. (a) Calcium
quantification of cartilage tissue normalized to tissue dry weight after 2 weeks in control (Ctr)
and mineralizing conditions (MM) with 54 mM CaCl.. (b) Representative von
Kossa/hematoxylin co-staining of cartilage tissue after 2 weeks in Ctr and MM conditions; scale
bar represents 100 um Control (Ctr) corresponds to co-cultures in non-supplemented media.
Multiple t tests were performed, and statistical significance was defined as p< 0.005 (**) and
p< 0.0005 (***). All graphs show mean £ SD.
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In the co-culture system treated with HAP, higher levels of MMP3 and IL-6 were observed

in the cell culture media (Figure 3.8).
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Figure 3.8 The impact of mineral treatment in cartilage explants co-cultured with synoviocytes,
at the molecular and tissue levels. Human cartilage explants were co-cultured with human
synoviocytes and stimulated with mineralizing conditions. Levels of MMP3 and IL-6 in the co-
culture media after treatment with HAP (750 pg/mL) for 72h. Data are presented as means of
three independent experiences. Control (Ctr) corresponds to co-cultures in non-supplemented
media. Multiple t tests were performed, and statistical significance was defined as p< 0.005
(**) and p< 0.0005 (***). All graphs show mean + SD.

3.4 Discussion

The main aim in this chapter was to establish a novel OA preclinical drug development pipeline
as a useful tool for the screening of potential new OA drugs. The system is designed to be
capable of evaluating the anti-mineralizing and anti-inflammatory activity of new potential
drugs, and will be useful to support a better understanding of OA physiopathology. The
screening pipeline was built up based on the knowledge of systems already available for the
disease study. The complexity of the experimental pipeline model was progressively increased
starting from a monolayer cell model until the establishment of an OA co-culture model. This
3D OA model integrate the contribution of synovial membrane cells and human cartilage tissue,
with the combinatorial activity of mineralization and inflammatory processes, known as driving
forces for OA progression.

Cell cultures are known to be easily manipulated, facilitating the multiple screening of
potential drugs, and allowing preliminary investigation of the mechanisms critical to disease
pathology, as well as the evaluation of the effects on cell phenotype. In this project an in vitro

monolayer cell model system, including the more relevant cells involved in OA development
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and progression, macrophage-like cells (THP-1 MoM), chondrocytes and synoviocytes, was
selected as the first approach for bioactivity assessment, using knowledge and experimental
conditions previously established by the group (173).

In OA, inflammation and calcification are the two major molecular processes occurring in
the disease and leading to its progression. Inflammation interplays with calcification leading to
extracellular matrix (ECM) degradation, apoptosis, mineral deposition and altered responses to
inflammatory cytokines and mediators of inflammation. One important aspect included in the
developed screening pipeline was to consider exploring and evaluate the response of candidate
drugs in the crosstalk between the two events.

The synoviocyte and chondrocyte OA cell system, previously developed by our group, was
shown to represent a useful first screening for OA relevant activities, such as inflammation and
calcification. Inflammatory IL-1B stimuli, known to trigger inflammation in OA, and the
mineralizing agent HAP, associated with cartilage calcification and OA pathogenesis, were
applied to the cell systems to induce OA-like changes, following the conditions already
optimized (173). Our results confirmed that the primary articular cell systems were able to
respond to the IL1-B inflammatory and HAP mineralizing stimuli, with an inflammatory
feedback translated into an increase of expression and accumulation of specific pathologic OA
markers as COX-2, NF-kB and IL-6.

Complex and interconnected molecular events of cartilage homeostasis disruption
associated to inflammation known to fuel cartilage degradation, are recognized as crucial for
disease development and important targets for therapeutic approaches (262). Cartilage
degradation is associated with chondrocytes differentiation leading to apoptosis and deposition
of a mineralized extracellular matrix, which in turn contributes to loss of ECM integrity and
inflammation (66,68). In fact, although the pathways involved in the crosstalk between
inflammation and cartilage degradation are still not completely clarified, mineralizing and
inflammatory events occur in a close related manner during OA progression (173). To further
explore this features a human explant cartilage model using cartilage tissue classified as normal
to early-OA according with the Mankin scale, was included to follow the 2D cell systems in
the workflow, allowing the study of cell interactions and also including the variable cell-ECM
in the analysis. The results obtained in this explant model confirmed that treatment with IL-13
or HAP nanocrystals were able to induce cartilage catabolic processes and inflammation by
upregulating known markers of cartilage degradation and cell differentiation.

Based on the results obtained with the explant model a more complex ex vivo 3D OA co-

culture model, combining human cartilage explants and synoviocytes and better mimicking the
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articular context was developed. This 3D OA co-culture model was included in the final step
of the pipeline to mimic early OA disease stages and should represent a powerful tool for the
evaluation of potential active compounds in a preclinical stage of drug development.
Importantly this co-culture model will allow testing the activity of potential novel
therapeutics in the context of inflammatory and mineralization conditions which are well-
known players in the OA pathogenesis. In this last decade, calcium phosphate crystals have
been consistently associated with the early stage of OA and have a pathogenic role in the
development and rapid progression to end-stage OA (118,204). Basic calcium phosphate
(BCPs) crystals have been found in the synovial fluid and membrane, and cartilage from OA
patients (263), and have been associated with the activation of macrophages, synovial
fibroblasts and articular cells, resulting in increased cell proliferation and production of pro-
inflammatory cytokines and MMPs (76,273). An active inflammatory response to BCP was
previously observed in macrophages, human chondrocytes and synoviocytes, by the production
of pro-inflammatory cytokines TNFa, IL-1B, and IL-8 (256,274) or through up-regulation of
COX-2 and MMP13 gene expression (266). Also, synoviocytes were shown to produce a
mineralized ECM (173), contributing to increased BCP levels in the ECM, and consequently
potentiating a tandem inflammatory response. In concordance, our results show an
inflammatory response to HAP stimulation in all tested OA models, similar to those obtained
with the classical inflammatory cytokine IL-1B. Of particular relevance, at cartilage level,
treatment with hydroxyapatite induced overexpression of Col10 and Runx2, indicative of
triggered chondrocyte differentiation towards hypertrophy and calcification, while the
deposition of mineralized material co-localized with chondrocyte clusters, in a clearly disrupted

ECM, confirmed cartilage calcification and degradation.

In addition, up-regulation of COX-2 and IL-6, widely known to be associated with joint
inflammation, and MMP3, a major responsible for ECM degradation, clearly showed the
detrimental potential of calcification in OA. This is in line with recent data showing that BCP
upregulate IL-6 in in vivo murine OA models, which in turn induced the expression of genes
involved in calcification, promoting BCP formation and potentiating a vicious cycle (247).
Increased levels of BCP and IL-6 were associated with cartilage degradation through the
induction of matrix-degrading enzymes activity in chondrocytes (247). In another study,
calcium-phosphate complexes were shown to induce MMP3 and MMP13, which in turn,
promoted the release of calcium and phosphate through degradation of the ECM calcified

cartilage, in a positive loop (267).
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Additionally, the effect of IL-1B on cartilage is known to reflect not only the catabolic
effect of matrix metalloproteinases (MMPs) and aggrecanases upregulation, but also the
downregulation of chondrogenic extracellular matrix synthesis (266). MMP3 is known to
mediate the integrity of various constituents of the ECM, such as collagens (types 11, I, IV, V,
VII, IX, X), fibronectin, elastin, proteoglycans, directly or through the activation of other pro-
MMPs and pro-TNFa, in OA (268) Our results showed that IL-1p induced an overexpression
of MMP3, and loss of proteoglycans associated with hypertrophic chondrocyte differentiation,
in the upper and middle zones of the articular cartilage (269) as well as hypocellularity, both
features representative of an early stage OA grading (270). Overall, our results clearly
demonstrated the potentialities of our developed 3D co-culture OA model to study the interplay
between cartilage degradation and inflammation, of critical value in drug development for
potential anti-osteoarthritic compounds.
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Abstract

Osteoarthritis (OA) remains a prevalent chronic disease without effective prevention and
treatment. In this chapter, purified marine meroterpenoids from the brown algae Cystoseira sp
previously demonstrating anti-inflammatory activity, were evaluated as OA modulators, by
using the novel OA preclinical drug development pipeline designed to evaluate the anti-
inflammatory and anti-mineralizing activities of potential OA-protective compounds, as
depicted in chapter 3. Succinctly, the workflow is based on an in vitro OA cell system consisting
of macrophages, chondrocytes and synoviocytes followed by an ex vivo human cartilage-based
assay and a new in vitro OA co-culture model, combining cartilage explants with synoviocytes.
Since inflammation and mineralization play an important role in the genesis of OA, the model
was designed to mimic early disease stages and to evaluate the activity of compounds using a
combined approach with interleukin-1f (IL-1B) or hydroxyapatite (HAP) stimulation.

Using the workflow pipeline, the anti-inflammatory activity of purified
meroditerpenoides Cystodione G (Cyd G), 11-Hydroxyamentadione (Cyd K), Cystone C (Cy
C) and amentadione (YP) was screened in THP-1 macrophages by a combination of gene
expression analysis and measurement of inflammatory mediators. One of the most promising
compounds amentadione (YP), was selected to proceed in the preclinical pipeline to further
evaluate its anti-osteoarthritic potential. YP counteracted inflammatory responses by
downregulation of COX-2 and IL-6, improved cartilage homeostasis by downregulation of
MMP3 and the chondrocytes hypertrophic differentiation factors Coll0 and Runx2.
Importantly, YP downregulated NF-xB gene expression and decreased phosphorylated
IkBa/total IkBa ratio in chondrocytes.

These results strongly suggest YP as a cartilage protective factor by inhibiting
inflammatory, mineralizing, catabolic and differentiation processes during OA development,

through inhibition of NF-«B signaling pathways, with high therapeutic potential.

4.1 Introduction

OA has been defined as a “whole joint” and multifactorial disease, characterized by synovial
inflammation, progressive loss of articular cartilage and remodeling of the underlying bone
(249). Although OA physiopathology is still not completely understood, chronic inflammation

is known to play a critical role in disease development and progression, with accumulating
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evidence supporting the association between OA pathology and different markers of
inflammation (250). OA cartilage and synovium overexpress cytokines and pro-inflammatory
mediators that stimulate the accumulation of proteolytic enzymes, aggrecanases and matrix
metalloproteinases (MMPS) responsible for the extracellular matrix (ECM) degradation, and
for mediating detrimental effects through innate immunity signals (281-282). In particular,
MMP3 is known to mediate the integrity of various constituents of the ECM, such as collagens
(types II, I, 1V, V, VII, IX, X), fibronectin, elastin, proteoglycans, directly or through the
activation of other pro-MMPs and pro-TNFa, in OA (268). This molecular condition together
with chondrocyte differentiation into a hypertrophic phenotype, result in loss of the ability to
restore the ECM with consequent cartilage degradation. Basic calcium phosphate (BCP)
deposition in the cartilage and synovial membrane is closely associated with OA inflammation
and contributes to local tissue damage and failed tissue repair, further intensifying hyaline
articular cartilage loss and progressive joint deterioration (118,204-205).

Current osteoarthritis prevention and treatment are still very limited and unsatisfactory,
with therapeutics focused mainly on drugs which improve pain or symptoms, such as topic and
oral nonsteroidal anti-inflammatory drugs, acetaminophen, and opioids (35). Although there
are some advances in the design of new molecules to target cartilage repair and bone, or to treat
inflammation and pain, at present, no effective OA drugs have yet been approved (274), making
the search for new potential molecules a priority to overcome the growing burden of OA.

In the search of effective drugs that might prevent or slow down the development of the
disease, natural products derived from plants and marine organisms, remain a source of new
molecular entities for the treatment of chronic inflammatory related diseases, including
osteoarthritis (284-285) Dietary supplements, of natural and synthetic origin, representing a
nutritional and health benefit, were already related with OA human clinical trials. Although
most were associated with OA pain relief, some were shown to modify the inflammatory OA
process, by balancing anabolic and catabolic joint events, and promoting the synthesis of
structural articulation precursors (286-288).

Among natural products, those containing phenolic rings, such as the flavonoids and
some meroterpenoids, are usually provided of interesting biological activities, and have been
shown to modulate cytokines such as TNFa, IL-1B and IL-6, with a crucial role in chronic
inflammatory and autoimmune diseases (279). Some terpenoids based drugs are already
available in the pharmaceutical market such as artemisinin and paclitaxel (Taxol®), acting as
antimalarial and anticancer drugs, respectively (280).

In recent years, a series of meroterpenoids isolated from the brown alga Cystoseira
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usneoides have been shown to exhibit anti-inflammatory and antioxidant activities, by reducing
the secretion of pro-inflammatory cytokines and downregulating the expressions of COX-2 and
INOS enzymes in THP-1 activated macrophages (281) (188,292-293). Among those, YP, Cyd
G, Cyd K and Cy C (Figure 4.1) showed radical-scavenging activity and demonstrated a
significant role in reducing the production of TNFa in LPS-stimulated THP-1 human
macrophages (183). These results led us to further investigate the anti-inflammatory action of
this pure marine compounds and their potential as novel cartilage protective agents in an OA
context. For that we usedthe the OA preclinical pipeline consisting of an in vitro 2D-cell based
system followed by an ex vivo explant-based and co-culture OA models, as described in Chapter
3. Our aim was to evaluate the potential protective effect of YP, Cyd G, Cyd K and Cy C in the
interplay between mineralization and inflammatory processes involved in OA development and

progression.
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Figure 4.1 Meroditerpenoids isolated from the brown alga Cystoseira usneoides (183)

4.2 Experimental procedures

4.2.1 Cystodione G (Cyd G), 11-Hydroxyamentadione (Cyd K), Cystone C
(Cy C) and amentadione (YP)

Purified meroditerpenoids Cyd G, Cyd K, Cy C and YP isolated from the brown alga Cystoseira
usneoides collected off the coast of Tarifa (Spain) (183) were kindly provided by Eva Zubia,

from Faculty of Marine and Environmental Sciences, University of Cadiz, Spain.
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4.2.2. Cell culture

THP-1 monocytes were acquired, cultured and differentiated in THP-1 macrophages (THP-1
MoM) as described in the Experimental Section of Chapter 2. Primary human chondrocytes
and synoviocytes were acquired and cultured as described in the Experimental Section of
Chapter 3.

4.2.3 Cartilage collection and tissue explants preparation

Knee articular cartilage was obtained from osteoarticular cuts performed on the femoral and
tibial sides, from eight patients (4 males and 4 females, aged 71,5 = 5,9 years) and maintained

in the appropriated culture conditions as detailed in the Experimental Section of Chapter 3.

4.2.4 Cell proliferation

THP-1 MoM cells seeded in 96-well plates at 2 x 10° cells/well, and confluent chondrocytes
and synoviocytes, were cultured in their respective growth media and supplemented with
different concentrations of Cyd G, Cyd K, Cy C, YP and HAP. Cell viability was determined
at appropriate time points using the CellTiter 96 cell proliferation assay (Promega, Madison,

W1, USA), following manufacturer’s instructions.

4.2.5 Inflammatory assays in monolayer cells

THP-1 MoM (1 x 10° cells/mL) were cultured in 24-well plates, in 500 uL of complete RPMI
supplemented with 10 uM of YP, Cyd G, Cyd K, Cy C or dexamethasone (DXM, 2uM) for 2
h and further stimulated with lipopolysaccharides (LPS, 100 ng/mL) or synthetic
hydroxyapatite nanocrystals (HAP, 750 ug/mL), for additional 24 h or 72 h, respectively.

THP-1 MoM (1 x 10° cells/mL) were cultured in 500 pL of complete RPMI
supplemented with different amentadione (YP) concentrations (2.5, 5 and 10 puM) in dose-
dependent experiments, and with 10 uM YP in subsequent experiments, or with 2 uM DXM,
during 24 h. After, 100 ng/mL of LPS or HAP (750 pg/mL) were added to the culture media
for another 24 h or 72 h, respectively.

Confluent chondrocytes and synoviocytes were cultured in 12-well plates, in 1 mL of
Adv DMEM supplemented with 10 uM of YP or 2 uM of DXM during 24 h, and further treated
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with: 10 ng/mL of interleukin-1p (IL-1pB) for 3 h and 6 h, or for 30 min in the assay for pIKBa
content analysis; 750 pg/mL HAP for 6 h. Control cells were cultured with respective media
without any treatment. At determined time points, cell culture media were collected for ELISA

analysis and cells harvested for RNA extraction.

4.2.6 Cartilage explants assays

Cartilage explants (10 per well) were plated in a 12 well plate and co-cultured with synoviocytes
in a transwell system as described in the Experimental section of Chapter 3, and then treated
with HAP (750 pg/mL) for further 72 h. As controls, explants were cultured without treatment.
At the end of each experiment, cartilage explants were collected, washed twice with PBS,
immediately processed for RNA extraction as described below, and the cell culture media
collected for ELISA assays.

4.2.7 Co-culture assays

Cartilage explants (10 per well) were plated in a 12 well plate and co-cultured with synoviocytes
in a transwell system as described in Chapter 3.

To evaluate the effect of YP, co-cultures were supplemented with 10 uM of YP or 2
UM DXM for 24 h, followed by treatment with IL-1f (10 ng/mL) during 24 h, or HAP (750
pg/mL) during 72 h. Cartilage explants were collected as described above for RNA extraction,
and cell media collected for ELISA analysis.

4.2.8. RNA extraction, cDNA amplification and quantitative real-time PCR
(gPCR)

Cartilage tissue and cells were processed as described in Chapter 3, section 3.2.7. Total RNA
was further extracted as described by Chomczynski and Sacchi (257) and as depicted in section
Chapter 3, section 3.2.7. RNA concentration was determined by spectrophotometry at 260 nm
(Nanodrop 1000, Thermo Scientific). RNA was then treated with RQ1 RNase-free DNase
(Promega, Madison, WI, USA) and reverse-transcribed using the qScipt cDNA SuperMix
(Quanta bio) according to manufacturer’s recommendations.

Quantitative real-time PCR reactions were performed using the CFX connect, Real time
System (Bio-Rad, Richmond, CA, USA), SoFast Eva Green Supermix (Bio-Rad, Richmond,
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CA, USA), 300 nM of forward and reverse gene-specific primers for genes of interest (Table
3.1), and a 1:5 cDNA dilution, following the same procedure described in Chapter 3. The PCR
conditions used are the same as depicted in Chapter 3, section 3.2.7 and fluorescence was
measured at the end of each extension cycle in the FAM-490 channel. Levels of gene expression
were calculated using the comparative AACt method, and normalized using gene expression
levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), with the iQ5 software
(BioRad).

4.2.9. ELISA assays
The cell culture media were treated as described in section 2.2.10.1 and used for the

quantification of TNFa (Peprotech), IL-6 (Peprotech) and MMP3 (Life Technologies)

following the manufacture’s protocols.

4.2.10. Histological evaluation

Paraffin-embedded cartilage tissue sections were processed at the Histopathology Department
of Centro Hospitalar e Universitario do Algarve (CHUA, Faro) and used for histological
assessment. Cartilage grading of initial tissue samples was conducted based on modified criteria
originally established by Mankin et al (255) and the specimens were analysed as described in

the Experimental Section of Chapter 3.

4.2.11. Protein extraction and quantification

Total protein from chondrocyte inflammatory assays and YP treatments was obtained by
extraction with RIPA buffer (50 mM Tris HCI pH 8, 150 mM NacCl, 1 % NP-40, 0.5 % sodium
deoxycholate, 0.1 % SDS) for 1h, at 4 °C, with agitation, followed by a centrifugation at 16 000
xg for 15 min at 4 °C. Protein concentration was assessed using Micro BCA kit (Thermo

Scientific), according to the manufacturer’s instructions.

4.2.12. Electrophoresis and Western blot

Aliquots of 20 pg of total protein extracts were size separated in a 4-12 % (w/v) gradient
polyacrylamide precast gel containing 0.1 % (w/v) of sodium dodecyl sulphate (SDS) (NuPage,

Invitrogen, Carlsbad, CA, USA) and transferred onto a nitrocellulose membrane (Biorad,
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Richmond, CA, USA). Detection of pIKBa and GAPDH was performed through overnight
(O/N) incubation with the pIKBa pSer32 ABfinity Rabbit Monoclonal antibody (2.5 pg/pL,
Thermo Fisher, USA) and anti-GAPDH polyclonal antibody (1:500, Santa Cruz
Biotechnology). Detection was achieved using Goat anti-rabbit 1gG horseradish peroxidase-
conjugated secondary antibody and Western Lightning Plus-ECL (PerkinElmer Inc., Waltham,
MA, USA). Image acquisition was obtained using an 1Q LAS 4000 mini biomolecular imager.

4.2.13. Determination of total and phosphorylated IkBa

Total IkBa and phosphorylated IkBa (plkBa) were determined in chondrocyte cell lysates,

using the InstantOne ELISA assay kit (Invitrogen) according to the manufacturer’s protocol.

4.2.14. Statistical analysis

Each independent experiment (n) was performed with different primary cell culture batches and
cartilage from distinct patients. Replicates within an individual experiment were performed
using the same batch of cells and cartilage from a single patient. Data are presented as mean +
standard deviation (SD). Multiple t tests were used for comparison between two groups. For
more than two groups significance was determined using one-way analysis of variance
(ANOVA) with comparison between groups by Dunnett test. Statistical significance was
defined as p< 0.05 (*), p< 0.005 (**) and p< 0.0005 (***)

4.3 Results

4.3.1. Anti-inflammatory activity of Cystodione G (Cyd G), 11-
Hydroxyamentadione (Cyd K), Cystone C (Cy C) and amentadione (YP) in
THP-1 MoM

To evaluate the anti-inflammatory potential of meroditerpenoids YP, Cyd G, Cyd Kand Cy C
(Figure 4.1) in the mineralization and inflammatory processes involved in OA development
and progression, a first screening was performed on THP-1 MoM.

The inflammatory response of THP-1 MoM induced by lipopolysaccharide (LPS) was
measured by the accumulation of the inflammatory marker TNFa. The results suggest a

decrease in the inflammatory response by pre-treatment of the cell system with all compounds
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tested, in a similar manner (Figure 4.2).
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Figure 4.2 YP, Cyd G, Cyd K and Cy C reduce the inflammatory response of THP-1
macrophages (THP-1 MoM) stimulated with LPS. Levels of TNFa in cell culture media of
THP-1 MoM pre-treated with different concentrations of YP, Cyd G, Cyd K and Cy C for 2 h,
followed by exposure to 100 ng/ml LPS for additional 24h, determined by ELISA. Culture
media of non-treated cells was wused as control, and cells treated with
2 UM dexamethasone (DXM) were used as a positive anti-inflammatory control for LPS-
stimulated THP-1 MoM experiment. Data are presented as duplicates of a representative
experiment.

Furthermore, a similar trend was noticed in the attenuation of TNFa production levels
in hydroxyapatite (HAP)-stimulated THP-1 MoM cells, by pre-treatment with YP, Cyd G, and
Cyd K, but not by Cy C (Figure 4.3).
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Figure 4.3 YP, Cyd G, Cyd K and Cy C reduce the inflammatory response of THP-1
macrophages (THP-1 MoM) stimulated with hydroxyapatite (HAP). Levels of TNFa in cell
culture media of THP-1 MoM pre-treated with different concentrations of YP, Cyd G, Cyd K
and Cy C for 2 h, followed by exposure to 250 pg/mL HAP for 72 h, determined by ELISA.
Culture media of non-treated cells was used as control condition. Data are presented as
duplicates of a representative experiment.

Cell proliferation assays were performed to confirm that in the conditions tested, YP,
Cyd G, Cyd K and Cy C did not affect THP-1 MoM cell viability (Figure 4.4).
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Figure 4.4 Viability of THP-1 macrophage cells (THP-1 MoM) exposed to 10 uM of YP, Cyd
G, Cyd K and Cy C for 24 h. Cell culture media of non-treated cells was used as control. Graph
shows mean +SD.

Overall, the initial screening activity results indicated YP, Cyd G and Cyd K as most

promising compounds to be further explored as anti-inflammatory candidates in OA.
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4.3.2. YP acts as an anti-inflammatory agent in the articular OA cell system
model

The indication of YP anti-inflammatory activity in THP-1 MoM cells as previously reported
(188,291), led us to study the capacity of such terpenoid to manipulate the inflammation in an
OA scenario. In order to evaluate the effects of YP on TNFa levels, a YP dose-dependent
experiment was conducted using THP-1 MoM cells stimulated with LPS. The pre-treatment of
cells with YP resulted in a consistent and gradual reduction of TNFa levels (a, Figure 4.5), and
the concentration of 10uM of YP was selected for further biological assays. Results reported in
Chapter 3, concerning a dose dependent study of HAP stimulation of THP-1 MoM cells (Figure
3.1, Chapter 3), showed that 750 pg/mL, the highest concentration of HAP tested, afforded the
highest stimulation response. Based on that, 750 ng/mL of HAP was further used to stimulate
THP-1 MoM, the time of YP pre-treatment was increased to 24 h and the TNFa levels
evaluated. Under these conditions, YP showed to efficiently reduce the inflammatory response

by decreasing TNFa levels (b, Figure 4.5).
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Figure 4.5 YP reduces the inflammatory response of THP-1 macrophages (THP-1 MoM)
stimulated with LPS (a) and hydroxyapatite (HAP) (b). Levels of TNFa in cell culture media
of THP-1 MoM pre-treated with different concentrations of YP for 24 h, followed by exposure
to 100 ng/ml LPS for additional 24h (a) and to 750 pg/mL HAP for 72 h (b), determined by
ELISA. Control (Ctr) corresponds to culture media of non-treated cells, and cells treated with
2 UM dexamethasone (DXM) were used as a positive anti-inflammatory control. Data are
presented as means of at least three independent experiments. All graphs show mean £SD. One-
way Anova and multiple comparisons were achieved with the Dunnett’s test. Statistical
significance was defined as p<0.05 (*), p<0.005 (**) and p<0.0005 (***).
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Cell proliferation assays were performed to confirm that different concentrations of
tested YP did not affect THP-1 MoM cell viability (Figure 4.6).
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Figure 4.6 Viability of THP-1 macrophage cells (THP-1 MoM) exposed to different
concentrations of amentadione (YP) for 24 h. Cell culture media of non-treated cells. Was used
as control. Graph shows mean +SD.

Based on these results, YP was further tested on the previously established articular OA
cell system, and described in Chapter 3, consisting of human chondrocytes and synoviocytes
primary cell cultures (173). Human synoviocytes and chondrocytes primary cells were pre-
treated with YP for 24h, followed by IL-1p (Figure 4.7) and HAP (Figure 4.8) stimulation.
The effect of YP was determined by measuring gene expression of the inflammatory marker
cyclo-oxygenase-2 (COX-2) and levels of IL-6 released into the cell culture media. Pre-
treatment with YP followed by IL-1p stimulation resulted in a significant downregulation of
COX-2 and decreased levels of IL-6 in both type of cells, relative to non-treated cells (a, b,
Figure 4.7).
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Figure 4.7 YP reduces the levels of inflammatory markers in articular-derived cells stimulated
with IL-1p (a, b). Primary chondrocytes and synoviocytes were pre-treated with 10 uM YP for
24h, followed by stimulation with 10 ng/mL IL-1B during different time points. (a) Relative
gene expression of the inflammatory marker COX-2 was determined by gPCR, at 3h and 6h
post IL-1B stimulation in chondrocytes and synoviocytes. (b) Levels of IL-6 in cell culture
media 6h post IL-1B stimulation, determined by ELISA. Cells treated with 2 uM
dexamethasone (DXM) were used as a positive anti-inflammatory control. Data are presented
as means of at least three independent experiments. All graphs show mean £SD. One-way
Anova and multiple comparisons were achieved with the Dunnett’s test. Statistical significance
was defined as p<0.05 (*), p<0.005 (**) and p<0.0005 (***).

Interestingly, YP pre-treatment of chondrocytes and synoviocytes stimulated with HAP,

resulted in a similar downregulation of the inflammatory marker COX-2 (Figure 4.8).
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Figure 4.8 YP downregulates the inflammatory marker COX-2 in articular-derived cells
stimulated with HAP. Primary chondrocytes and synoviocytes were pre-treated with 10 uM YP
for 24h, followed by stimulation with 750 pg/mL HAP during 6h. Relative gene expression of
COX-2 was determined by gPCR, at 6h post HAP stimulation in chondrocytes and
synoviocytes. Data are presented as means of two independent experiments, with duplicates.
All graphs show mean +SD. One-way Anova and multiple comparisons were achieved with the
Dunnett’s test. Statistical significance was defined as p<0.05 (*) and p<0.005 (**).

No cytotoxicity was observed in chondrocytes and synoviocytes, when treated with

different YP concentrations or HAP concentrations (Figure 4.9).
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Figure 4.9 Viability of human primary chondrocytes (a) and synoviocytes (b) exposed to
different amentadione (YP) concentrations for 24 h and exposed to different hydroxyapatite
(HAP) concentrations for 72 h. Control (Ctr) corresponds to culture media of non-treated cells.
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These results demonstrate a promising anti-inflammatory effect of YP in the articular
OA cell system model, through downregulation of inflammatory genes, either when stimulated

with IL-1p or treated with the mineralizing agent HAP.

4.3.3 YP modulates cartilage homeostasis under mineralizing conditions in
the ex-vivo cartilage explant model

The effect of YP in response to HAP stimulation was assessed in ex vivo assays, using cartilage
tissue explants, classified as normal- to early-OA tissues through the modified Mankin score
(258), as previously depicted in Chapter 3.

The results showed that stimulated explants expressed higher levels of ECM-related
genes, collagen-10 (Col10), runt-related transcription factor-2 (Runx2) and membrane
metalloprotease-3 (MMP3) (Figure 4.10) and of the catabolic OA marker MMP3 and of the
inflammatory marker IL-6, responsible for ECM degradation (Figure 4.11). Pre-treatment of
human cartilage explants with YP resulted not only in the down-regulation of the differentiation
and ECM-related genes (Figure 4.10), but also decreased levels of the OA marker MMP3 and

of the inflammatory marker IL-6 (Figure 4.11), relative to stimulated explants.
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Figure 4.10 YP downregulates cell differentiation and extracellular matrix degradation markers
associated with OA in the ex vivo cartilage explant model under HAP stimulation. Human
cartilage explants were pre-treated with 10uM YP for 24h, followed by 72h of 750 pg/mL HAP
stimulation. Relative gene expression of Col10, Runx2 and MMP3 was determined by gPCR.
DXM indicates treatments with 2 uM dexamethasone. Data are presented as means of at least
three independent experiments. All graphs show mean £SD. One-way Anova and multiple
comparisons were achieved with the Dunnett’s test. Statistical significance was defined as
p<0.005 (**) and p< 0.0005 (***).
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Figure 4.11 YP downregulates pro-inflammatory marker levels associated with OA in the
HAP-stimulated ex vivo cartilage explant model. Human cartilage explants were pre-treated
with 10puM YP for 24h, followed by 72h of 750 pg/mL HAP stimulation, and levels of MMP3
and IL-6 accumulation in the culture media were determined by ELISA. DXM indicates
treatments with 2 UM dexamethasone. Data are presented as means of at least three independent
experiments. All graphs show mean £SD. One-way Anova and multiple comparisons were
achieved with the Dunnett’s test. Statistical significance was defined as p<0.05 (*), p<0.005
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(**) and p< 0.0005 (***).

4.3.4. YP function as a protective agent against cartilage deterioration under
OA promoting conditions in an explant-based co-culture OA model

The ex vivo explant-based co-culture OA model previously developed in Chapter 3, was used
to study the effects of YP in the complex crosstalk of cartilage and synovial membrane. YP pre-
treatment of human cartilage explants co-cultured with primary human synoviocytes and
stimulated with IL-1p, consistently diminished the increased gene expression of COX-2, IL-6

and MMP3 in cartilage explants (Figure 4.12).
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Figure 4.12. YP downregulates pro-inflammatory and ECM degradation markers associated
with OA in the explant-based co-culture OA model under inflammatory stimulation with IL-
1B. Cartilage explants co-cultured with human primary synoviocytes were pre-treated with 10
MM YP for 24h, followed by 24h of 10 ng/mL IL-1p stimulation. Relative gene expression of
COX-2, IL-6 and MMP3 in cartilage explants were determined by gPCR. DXM indicates
treatments with 2 UM dexamethasone. Data are presented as means of at least three independent
experiments. One-way Anova and multiple comparisons were achieved with the Dunnett’s test.
All graphs show mean * SD. Statistical significance was defined as p< 0.05 (¥*), p< 0.005 (**)
and p< 0.0005 (**%*).
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In a similar way, increased levels of MMP3 and IL-6 in the cell culture media of co-
culture cartilage explants treated with HAP were reduced with the YP pre-treatment (Figure
4.13).
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Figure 4.13 YP decreases the production of ECM degradation and pro-inflammatory markers
in the explant-based co-culture OA model under mineralizing conditions. Cartilage explants
co-cultured with human primary synoviocytes were pre-treated with 10 uM YP 24h, followed
by 72h of 750 pg/mL HAP stimulation. Levels of MMP3 and IL-6 accumulation in the co-
culture media were determined by ELISA. DXM indicates treatments with 2 pM
dexamethasone. Data are presented as means of at least three independent experiments. One-
way Anova and multiple comparisons were achieved with the Dunnett’s test. All graphs show
mean + SD. Statistical significance was defined as p< 0.05 (*), p< 0.005 (¥*) and p< 0.0005

(***) .

Overall, considering the effects of YP at cartilage tissue level, evaluated using the
cartilage explants and the explant-based co-culture models, the results suggest that YP exerts a
cartilage protective effect, by reducing inflammatory reactions and preventing chondrocyte

differentiation towards extracellular matrix mineralization and degradation.

435 YP downregulates NF-KB expression and inhibits IkBa
phosphorylation in primary chondrocyte cells

Since YP was able to downregulate several pro-inflammatory mediators known to be directly
regulated by the NF-kB signaling pathway, we investigated whether the anti-inflammatory
action of YP was due to its effect on NF-kB transcription and phosphorylation of its inhibitor
IkBa.

In human primary articular chondrocytes, pre-treated with YP for 24h followed by IL-
1B stimulation, NF-kB expression was significantly downregulated at all-time points tested
(Figure 4.14).
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Figure 4.14 YP downregulates NF-kB expression in IL-1B-stimulated primary articular
chondrocytes. Relative gene expression of NF-kB was determined by gPCR at 3h and 6h post
10 ng/mL IL-1B stimulation. Data is presented as mean of three independent experiments.
Graph shows mean +SD. One-way Anova and multiple comparisons were achieved with the
Dunnett’s test. Statistical significance was defined as p<0.005 (**) and p<0.0005 (***).

To determine the effect of YP in IkBa phosphorylation (plkBa), known to precede NF-
kB nuclear translocation, an initial experiment was performed under IL-1f stimulation, and
plkBa was evaluated at different times of exposition to the stimuli. Western blot analysis of
chondrocyte protein extracts indicated increased levels of plkBa from 30 min to 60 min of IL-

1B treatment (Figure 4.15).

15min 30min 60min

Ctr |L-1p Ctr IL-1 Ctr IL-1PB MW
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Figure 4.15 Indication on the time point with increased plkBa after IL-1p stimulation. 20 ug
of total protein extracts of chondrocytes cultured in control (Ctr) and treated with 10 ng/mL IL-
1B for different time points, were analysed by Western blot to detect pIkBa. Position of relevant
molecular mass marker (kDa) is indicated on the right side.

Based on that, detection of plkBa in chondrocytes pre-treated with YP for 24h followed
by 30 min IL-1p stimulation suggests a reduction of plkBa in the YP treated chondrocytes
relatively to the untreated and IL-1pB stimulated cells (a, Figure 4.16). Specific ELISA assays

measuring plkBa and total IkBa at 30 min shown that YP treatment reduces the ratio of
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plkBo/total IkBa (b, Figure 4.16), strongly indicating an effect of YP on IkBa phosphorylation.
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Figure 4.16 YP downregulates inhibits IkBo phosphorylation in IL-1p-stimulated primary
articular chondrocytes. (a) Total protein extracts of chondrocytes cultured in untreated
conditions, stimulated with 10 ng/mL IL-1p for 30 minutes, and pre-treated with YP (10 pM)
followed by 30 minutes of 10 ng/mL IL-1p treatment, were analysed by Western blot to detect
plkBa. Position of relevant molecular mass marker (kDa) is indicated on the right side and
GAPDH was used as loading control. (b) The plkBa ratio (pIkBa/total IkBa)) was determined
in total protein extracts of chondrocytes cultured in control conditions (Ctr); 30 min of IL-1
(10 ng/ml) treatment; and pre-treated with YP for 24 h followed by 30 min of IL-1f stimulation
(YP), by measuring the content of total and plkBa with the specific InstantOne ELISA assay
kit. Data is presented as mean of two out of four representative experiments. Graph shows mean
+SD. One-way Anova and multiple comparisons were achieved with the Dunnett’s test.
Statistical significance was defined as p<0.05 (*) and p<0.0005 (**%*).

These results demonstrate an anti-inflammatory effect of YP in articular chondrocytes,
by downregulation of NF-kB expression, and inhibition of its activation through modulation of

IkBa phosphorylation, and consequent downregulation of several NF-kB-related target genes.

4.4 Discussion

The main aim in this chapter was to explore the potential activity of a series of pure
meroditerpenoids isolated from the brown alga C. usneoides (283). The first activity studies
concerning the meroditerpenoids YP, Cyd G, Cyd K and Cy C, are indicative of some capacity
of diminishing the inflammatory response of THP-1 MoM, promoted by IL-1 and HAP.
Among those, YP was selected and its activity profile analysed throughout the activity
screening pipeline, described in Chapter 3. YP is able to decrease inflammation, cell

differentiation and extracellular matrix (ECM) degradation in the in vitro/ ex vivo OA model
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systems included in the pipeline. The workflow includes increasing levels of complexity, from
2D monolayer cultures of THP-1 MoM, primary chondrocytes and synoviocytes, to ex vivo
culture of human cartilage explants and a newly developed OA explant-based co-culture model.
This co-culture model was developed to mimic the crosstalk between cartilage explants and
synoviocytes occurring in the OA context of cartilage degradation and inflammation interplay
and closely resembling the in vivo joint interplay. YP consistently promoted a protective effect
under pro-inflammatory and mineralizing stimuli. These results bring new evidence on the
health benefits of YP as a protective OA agent by attenuating cartilage degrading processes
under known OA promoting stimuli, with consequent cartilage maintenance promoting effects,
with potential therapeutic application.

YP has previously shown to have anti-inflammatory properties associated with the
inhibition of TNFa in LPS-activated human macrophages (283). In the present study, we
demonstrated that YP was able to counteract inflammation, cell differentiation and ECM
degradation, induced not only by IL-1p but also by hydroxyapatite, in all OA models, including
primary articular cells, cartilage explants and ex vivo explant-based co-culture systems. These
effects were demonstrated at multiple levels. Through downregulation of master players
involved in pro-inflammatory reactions, such as NF-kB, COX-2 and IL-6, and the ECM
catabolic marker MMP3, YP is directly contributing to preserve cartilage homeostasis, by
avoiding ECM disruption and cartilage collapse. Similarly, the capacity to downregulate crucial
genes involved in chondrocyte differentiation such as Col10 and Runx2, suggests YP as an
inhibitor of chondrocytes hypertrophic differentiation. The resulting decrease of apoptosis and
ECM mineralization, indirectly contributes to a consequent decrease of pro-inflammatory
reactions, ultimately preserving cartilage homeostasis. Although our studies were not directed
to evaluate the effect of YP as a structural cartilage-modifying drug, its capacity to inhibit early
molecular events leading to joint deterioration, suggests YP as a potential disease modifying
OA drug, worth to be further investigated.

Also, this YP protective role might represent a promising alternative to the anti-
inflammatory drugs commercially available to manage symptomatology associated with OA
and chronic autoimmune and inflammatory diseases, mostly based on NSAIDs target to
inactivate COX enzymes (COX-1 and COX-2) (284), or biologics targeting crucial pro-
inflammatory cytokines such as TNFa and IL-1p (295-296). Although some effectiveness has
been shown in slowing inflammatory reactions, the growing list of adverse side effects and the
high percentage of patients presenting no response to these treatments, clearly demonstrate the

urgent need for safer and more effective anti-inflammatory drugs. In this field, natural derived
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products, such as YP, have been considered as promising and valid alternatives. Some examples
are the tetracyclic triterpenoid glycoside Ginsenoside Rb1 (G-Rb1) and curcumin, which have
shown both in vitro and in vivo, the capacity of targeting the production of several pro-
inflammatory species and promoting the synthesis of anti-inflammatory mediators, with
cartilage protective effects (297-300).

Considering the pivotal role of NF-kB as a major regulator of inflammation, many
strategies have been developed to block NF-kB signaling in a variety of inflammatory disease
settings (289). Although in the context of OA these strategies are still in their infancy, the
crucial role of NF-kB signaling mediating inflammatory responses, but also the hypertrophic
conversion of articular cartilage chondrocytes, leading to ECM damage and cartilage
destruction, is of paramount importance in the disease context (265,302). Various terpenoids,
monoterpenoids, sesquiterpenoids, diterpenoids, sesterterpenoids, triterpenoids, tetraterpenoids
and polyterpenoids inhibit NF-kB signaling pathway through 1kB phosphorylation, DNA
binding and p65 translocation (291). An anticipated benefit of the study of a single chemical
entity, such as YP, may be the convenience to understand its molecular mechanism. Our results
demonstrate that YP is able to downregulate NF-kB expression and decrease IkBa
phosphorylation in chondrocytes, strongly suggesting that YP cartilage protective properties
are associated, at least in part, with the inhibition of NF-kB nuclear translocation and
consequent decreased activation of catabolic pathways, including expression of cytokines and
chemokines, inflammatory mediators, matrix degrading enzymes, and regulators of
chondrocytes differentiation. In agreement, YP treatments consistently decreased levels of
COX-2 and IL-6, MMP3, Col10 and Runx2 in cartilage tissue, clearly demonstrating the
potential of YP in ameliorating cartilage homeostasis and integrity, a good rationale for the

exploitation of YP in the treatment of OA.
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Chapter 5- General conclusions and future perspectives

Osteoarthritis (OA) remains as the most prevalent form of degenerative joint disorders.
It is characterized by damage to the articular cartilage, accompanied by tissue inflammation,
extracellular matrix (ECM) mineralization, and abnormal bone formation (304-306) Very often,
OA occurrence remains undetected for many vyears, leading to irreversible damage to the
cartilage. To worsened the situation, there are currently no effective disease-modifying drugs
available to treat OA (292). Given the complex nature of OA and its underlying
pathophysiologic mechanisms, it is crucial to achieve a deeper understanding of the molecular
factors and pathways involved in the disease development and progression (292). The
identification of new molecular targets, along with improvements in preclinical drug
development testing, are essential in the search for new active compounds to prevent or manage
OA.

In this study, in Chapter 2, novel data was obtained by assessing on the functional
potential of encapsulated vitamin K-dependent protein (VKDP), Gla-rich protein (GRP), more
specifically its uncarboxylated form (UcGRP), in the OA context. The aim was to explore the
functionality of the encapsulated protein as a potential therapeutic strategy for OA, in THP-1
macrophages and articular cells. Further, the anti-inflammatory capacity of the marine-derived
compound Amentadione was investigated, using a novel preclinical drug development pipeline
here developed, aiming to mimic early stage OA.

Although bioactivity of ucGRP has been observed at various levels, its eventual use as
a therapeutic agent is limited by its low solubility at physiological pH. The approach to
overcome this limitation was based on the encapsulation of ucGRP using chitosan-
tripolyphosphate (CS-TPP) nanoparticles, taking advantage of the beneficial biological
properties of CS. In addition to its high capacity of incorporating and releasing a variety of
drugs, such as proteins, peptides, vitamins, and other bioactive compounds (246-248,307)
studies have demonstrated chondroprotective properties of chitosan and its ability to inhibit
cartilage degradation and inflammation in the synovial membrane (201-202), making it a
potential synergistic partner for OA treatment. For that, the first part of this research was
focused on the incorporation of ucGRP into the GRP-loaded FC/TPP nanoparticles (FCNG)
formulation, through well-established procedures for CS-TPP nanoparticle production and
protein encapsulation (239). Nanoencapsulation of ucGRP was further confirmed by flow
cytometry.

The characterization of CS—TPP nanoparticles exhibited a nanoscale size range, varying
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from 120 to 150 nm, and there was no significant difference in size between FCNG and FCNP
nanoparticles, despite the high association efficiency of ucGRP. This can be attributed to the
small size and low concentration of GRP that was uploaded onto the nanoparticles. Although
the nanoparticles were successfully accomplished, the synthetic yield could, in the future, be
further optimized by regulating chitosan concentrations and molecular weight, the degree of
CS acetylation, and the CS/TPP molar ratio (238). FCNP and FCNG intense fluorescence
emission formulations allow their easy detection to be quickly tracked intra- and extracellularly,
which is a tool extensively used and suitable for several applications, including biomedical and
pharmacological applications (235).

When the functionality of the encapsulated GRP in the chitosan-based nanoparticle
(FCNG) as a potential therapeutic strategy for OA was assessed in LPS stimulated THP-1 MoM
and IL-1B treated chondrocytes, results demonstrated that FCNG was non-cytotoxic and
effectively act as an anti-inflammatory mediator. Indeed, FCNG treatment resulted in a
response to pro-inflammatory mediators involved in several chronic inflammatory diseases
(CIDs), such as LPS used to stimulate THP-1 macrophages, and IL-1f to activate articular
chondrocytes. It is important to highlight that FCNG have shown the capacity to restrain the
inflammatory response in activated macrophages and human cultured chondrocytes. These
results are also indicative of an effective delivery system for GRP with the retention of the
protein anti-inflammatory activity. In fact, although the mechanism of action of FCNG in
different cell-specific inflammatory conditions remains unclear, cytometry data demonstrates
the presence of FCNG in THP1-MoM cells after a 2-hour incubation, and a notable increase in
intra- and extracellular GRP levels after 24 hours in THP1-MoM. These findings strongly
support that the FCNG formulation facilitates sustained and prolonged delivery of ucGRP. The
observed results align with previous findings in this study, that indicate minimal GRP release
from nanoparticles when incubated in cell culture media, likely due to protein desorption from
the nanoparticles surface (238). This suggests that the majority of GRP remains entrapped
within the matrix of FCNG, being released in a constant and slow release rate (295) indicative
of enhanced biological stability.

Importantly, and in concordance with literature (309-312), results show the anti-
inflammatory activity of FCNP in all in vitro cell systems tested, strengthening the beneficial
use of the CS excipient by fulfilling requirements and adding a synergetic therapeutic effect to
GRP anti-inflammatory activity. The overall reduction in pro-inflammatory mediators point out
to a promising therapeutic potential for FCNG in the treatment of chronic inflammatory
diseases (CIDs).
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This study also revealed that although the y-carboxylation of Gla-rich protein (GRP)
was essential for its anti-mineralization effect (164,166,168,178), it is not required for its anti-
inflammatory activity in THP-1 MoM cells, consistent with previous findings in chondrocytes
and synoviocytes (178,209). Both uncarboxylated GRP (ucGRP) and carboxylated GRP
(cGRP) treatments resulted in decrease of the inflammatory response. However, the anti-
inflammatory effect of ucGRP in THP-1 MoM seemed to be more prolonged and independent
of the concentration compared to cGRP treatment (203). This suggests that GRP mechanisms
of action as an anti-calcifying or anti-inflammatory agent still impact the inflammation-
calcification relationship. Specifically, cGRP prevents chondrocyte differentiation towards a
mineralizing and hypertrophic phenotype (76), reducing the probability of inflammatory events,
while ucGRP promotes cartilage homeostasis and prevents ectopic calcification potentiation.

Overall, this study has successfully shown that incorporating GRP into CS-TPP
nanoparticles yields a novel, stable, and biodegradable formulation of ucGRP with favourable
physicochemical properties for biomedical applications. Importantly, this formulation retains
the anti-inflammatory activity of GRP, enhancing the potential of GRP for treating various
inflammation-related diseases. Moreover, this opens the way for future improvements in GRP
nanoparticle technology, ultimately enabling a more effective anti-inflammatory therapy
approach.

Further, in Chapter 3, a novel preclinical drug development pipeline for osteoarthritis
was established, to screen potential new OA drugs. This pipeline was designed to evaluate the
anti-mineralizing and anti-inflammatory potential of compounds in OA, as inflammation plays
an important role by interacting with calcification in a cycle of extracellular matrix (ECM)
degradation, apoptosis and mineral deposition in OA.

The synoviocyte and chondrocyte OA cell systems (173) were found to be effective for
screening OA-related activities, such as inflammation and calcification. In response to
inflammatory and mineralizing stimuli, treatment with IL-1p or HAP respectively, the primary
articular cell systems showed increased expression of specific pathological markers associated
with OA, including COX-2, NF-KB, and IL-6.

For a deeper understanding into cartilage degradation driven by inflammation, a human
explant cartilage model was included in the workflow. To better mimick the articular context,
we developed a more complex ex vivo 3D OA co-culture model combining human cartilage
explants and synoviocytes. This 3D OA co-culture model was integrated into the final step of
the pipeline to mimic early OA disease stages, providing a powerful tool for evaluating potential

active compounds during the preclinical stage of drug development. This model allowed us to
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study cell interactions and the role of the extracellular matrix.

Results from this 3D co-culture model indicated that treatment with inflammatory
stimuli and hydroxyapatite nanocrystals induced cartilage catabolic processes and
inflammation, evidenced by the expression of known markers. Treatment with hydroxyapatite
also led to cartilage calcification and degradation, as evidenced by the overexpression of Col10
and Runx2 and the deposition of mineralized material in the ECM.

Furthermore, the up-regulation of COX-2, IL-6, and MMP3 in response to HAP and IL-
1B highlighted the detrimental potential of calcification in OA. These results align with recent
data showing that BCPs upregulate I1L-6 in in vivo murine OA models, which in turn induces
the expression of genes involved in calcification, promoting a positive loop of BCP formation
(247). Increased BCP and IL-6 levels were associated with cartilage degradation through the
activation of matrix-degrading enzymes in chondrocytes (247).

Overall, the results obtained from the developed 3D co-culture OA model clearly
demonstrated its potential for studying the interplay between cartilage degradation and
inflammation, which is critical in the drug development of potential anti-osteoarthritic
compounds.

The final part of this research was concentrated on investigating the meroterpenoid
compound YP, derived from the brown alga Cystoseira usneoides, as a potential therapeutic
agent for osteoarthritis (OA). In Chapter 4, a series of in vitro and ex vivo experiments took
place, using the newly established drug development pipeline. The results consistently
demonstrated that YP effectively reduced inflammation, cell differentiation, and extracellular
matrix (ECM) degradation along the screening biological pipeline model, described in Chapter
3. YP exhibited protective effects against pro-inflammatory and mineralizing stimuli,
supporting its potential as a therapeutic agent for OA.

OA is characterized by cartilage loss and synovial membrane inflammation, and this
study shows that YP targeted crucial molecular events associated with cartilage homeostasis
disruption and inflammation, which contribute to disease progression. Specifically, YP
decreased the expression of major regulators involved in pro-inflammatory reactions, such as
NF-kB, COX-2, and IL-6, as well as ECM catabolic marker MMP3. Furthermore, YP inhibited
chondrocyte differentiation towards hypertrophy, which led to decreased apoptosis and ECM
mineralization, ultimately preserving cartilage homeostasis.

One of the key mechanisms underlying YP beneficial effects is its ability to
downregulate NF-kB expression and decrease IkBo phosphorylation in chondrocytes. This

inhibition leads to reduced activation of catabolic pathways, including the expression of
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cytokines, chemokines, inflammatory mediators, matrix-degrading enzymes, and regulators of
chondrocyte differentiation.

Overall, YP presents encouraging results as it inhibits early molecular events that
contribute to joint deterioration. In addition to its anti-inflammatory effects, YP showed
promise as a cartilage-protective agent, making it a potential candidate disease-modifying OA
drug. While the current study demonstrates promising results in in vitro and ex vivo models,
further translational research is necessary. Preclinical investigations employing animal models,
including both genetically modified and wild-type mouse models, are widely used for
toxicological assessments, exploring molecular mechanisms underlying OA, and to investigate
genetic factors and specific genes involved in cartilage degeneration, bone remodeling, and
inflammation (298). If preclinical in aimal models succeed, clinical trials in humans would be
further required to validate the safety and efficacy of YP as a potential OA treatment in human.

In the context of future research perspectives for the management and improvement of
OA treatment, we propose exploring some topics based on the evidence presented in this work.

The anti-inflammatory and anti-calcification effects of FCNG containing ucGRP should
be further evaluated in in vivo OA mouse models. These studies will provide critical insights
into the therapeutic potential of this nanoformulation and its safety profile. cGRP should be also
encapsulated and detailed pharmacokinetic studies are necessary to understand the release
kinetics of ucGRP or cGRP from FCNG in vivo. These studies could help optimize the dosing
treatment and frequency of administration for effective results. Further investigations should
be conducted to establish the optimal activity window for FCNG administration. This will
involve determining the appropriate concentration and dosing frequency to achieve maximal
anti-inflammatory and anti-calcification effects, first in vitro and further in vivo OA models,
first in OA mouse models and then in clinical trials.

Various preclinical studies have provided clinical evidence of the preventive role of
vitamin K1 in relation to OA. Low plasma levels of vitamin K1 have been linked to an increased
prevalence and progression of OA (132-134). Additionally, clinical studies have shown an
association between low vitamin K1 levels and joint cartilage loss (135-136). These findings
underline the significance of vitamin K in maintaining bone and cartilage health, particularly
in preventing OA and its progression. An important element in this context is the VKDP GRP.
GRP plays a crucial role in preventing ectopic calcification and protecting articular cartilage,
under pathological conditions like osteoarthritis and inflammatory arthritis (174,178).
Considering the biological activity of cGRP, particularly in the context of OA, and the role of

Vitamin K in its y-carboxylation, it is worthy to explore vitamin K supplementation as a
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beneficial and cost-effective strategy for preventing or treating OA. In line with that,
encapsulation of GRP and Vitamin K might present a promising approach to ensure adequate
Vitamin K levels for optimal function. Furthermore, this initiative can be seen as a combination
therapy approach, in the sense that encapsulation of both elements may provide Vitamin K to
act as co-factor in the carboxylation of GRP, but also to behave as an independent anti-
inflammatory agent (174,178). By the potential synergistic effects of GRP and Vitamin K, this
approach may promote bone and cartilage health, reducing the risk of developing OA or slow
its progression effectively. Nanoencapsulation of Vitamin K within nanoliposome systems has
been investigated (299). Liposomes are versatile lipid-based vesicles that can encapsulate both
hydrophobic and hydrophilic substances due to their unique bilayer structure. This ability to
encapsulate a wide range of compounds (300), makes liposomes a promising approach to
synergistically incorporate both active compounds,Vitamin K and GRP, within a single system.

In summary, future research in this direction should investigate the potential benefits of
vitamin K supplementation, either independently or in combination with GRP encapsulation,
as a means to enhance bone and cartilage health, ultimately leading to improved OA

management and treatment strategies.
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