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ABSTRACT

Background: Cartilage mineralization arises
as calcium-containing particles (CCP)
precipitation in the degenerated articular
cartilage of osteoarthritis (OA). However, it is
unclear how crystal formation occurs and
whether these crystals are a disease driver or a
response. Therefore, we aim to investigate the
effects of CCPs on human OA chondrocytes
(HACG:s). Since vascular endothelial growth
factor was increased in OA synovial fluid, we
aim to study the role of VEGFa as an inducer
of mineralization.

Method: Prepared  primary (pCPP),
secondary (SCPP) calciprotein particles and
basic calcium phosphate (BCP) crystals were
evaluated for their physiological relevance by
TEM, NTA and colorimetric assays. The CCPs
were exposed to OA-HACs to study by RT-
qPCR and ELISA. The bioactivity of VEGFa
was evaluated in chondrocytes and studied for
mineralization induction in a phosphate-
induced OA-HAC model by colorimetric
assays.

Results: Synthesized pCPP, sCPP and BCP
were confirmed as physiological based on
morphology, size and chemical content. These
particles demonstrated a particle-induced
stress reaction and induction of IL-6, CXCL-8,
COX-2, MMP-1 and VEGFA expressions and
IL-6, CXCL-8 and PGE2 secretions in OA-
HACG:s. Bio-activity of 100ng/mL VEGFa was
demonstrated in chondrocytes for IL-6
secretions. The same concentration of VEGFa
induced an increased crystal formation in OA-
HAC:.

Conclusion: The CPPs induced an aberrant
chondrocyte phenotype in OA-HACs. VEGFa
was indicated to be an inducer of

mineralization and crystal formation in OA-
HAC:s. These results give an understanding of
the mechanisms behind the role of CCPs and
VEGFa mineralization in OA, which aid in the
development of new therapeutic insights.

INTRODUCTION

Osteoarthritis (OA) is the most prevalent
degenerative joint disease in arthritis causing
disability among middle-aged and older adults
worldwide (1). Patients suffer mainly from
stiffness, chronic pain and impaired mobility due
to direct bone-to-bone contact, instability,
deformation and narrowing of the articular joints
(Figure 1) (2). Furthermore, the disease is
characterized by the degradation of the articular
cartilage, synovial inflammation and changes in
the subchondral bone, synovium, menisci and
ligaments (Figure 1) (3, 4). Large weight-bearing
joints, such as hips, knees, ankles and the facet
joints in the spine are the most frequently affected
(3, 5). In the last decades, OA was considered a
simple disease of “wear and tear”, but nowadays
OA is defined as a multifactorial pathology as a
result of physical immobility, sedentary lifestyle,
life expectancy, sports injuries and BMI (6, 7).
Due to an increase in the risk factors, the
prevalence of OA is continuously rising and is
expected to increase even further (4). According
to the Global Burden of Disease 2010 study, the
disease is already reported as the 11th highest
contributor to global disability out of 291
diseases, with an increasing prevalence of more
than 500 million people in 2019 (8, 9). OA affects
9.6% of men and 18% of women over the age of
60 years (6, 10). However, also athletes and
younger individuals are affected by joint traumas
after persistent physical activities (11).
Additionally, OA is associated with an increased
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mortality rate compared to the general
population, in which disability is demonstrated as
a significant predictor of survival (6). Since the
burden of the disease is rising globally, the
socioeconomic burden will further increase due to
direct healthcare costs and indirect costs from
living with this disabling condition (10). In
general, OA is diagnosed after the awareness of
continuous joint pain, physical examination and
radiographic evidence, though some patients are
asymptomatic (4). The disease can be treated for
its symptoms via physical activity and
pharmacological modalities. Due to the
complexity of the pathology, no preventable or
reversible therapy exists. Currently, only
arthroplasty, including total joint replacement by
metal and plastic prosthesis, is performed to treat
the disease. Since OA still cannot be cured, the
different aspects of the disease should be more
elaborated in scientific research.

Healthy OA

Degraded cartilage

Inflammation

Narrowed joint space

Damaged meniscus

\Changes in subchondral

bone and osteophytes

Figure 1: Medial side of the healthy and OA
knee. The OA knee is affected by degradation
of the articular cartilage, synovial
inflammation, narrowed joint space, damaged
meniscus and osteophytes. OA; osteoarthritis.
Figure created with BioRender
(https://biorender.com/).

The most prominent feature of OA is the
degeneration of the articular cartilage (Figure 1).
This articular cartilage is defined as a highly
specialised, smooth and lubricated connective
tissue at the diarthrodial joints (12). This type of
tissue is able to minimise compressive forces and
friction for better articulation of the joints and
mobility. Furthermore, this hyaline cartilage is
composed of a dense extracellular matrix (ECM)
of glycoproteins, proteoglycans, collagen and
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non-collagenous proteins residing in a limited
number of chondrocytes. Together, these
components induce water retention to maintain
unique mobility properties (13). Although these
chondrocytes consist of only 5% of the total
volume of the articular cartilage, they orchestrate
the overall maintenance and repair of the ECM
via collagens and proteoglycans synthesis (12,
13). The major fibrillar collagens consist of
collagen type IlI, but also minor groups of
collagen types are present such as type I, 1V, V,
VI, IX and XI. These minor types are necessary
to stabilize the fibril network of type Il collagens
via cross-links and binding with the proteoglycan
aggregates. Additionally, hyaline cartilage is
defined by aggrecan, a highly glycosylated
protein mainly expressed by chondrocytes (13).
Aggrecan consists of chondroitin sulphate and
keratin sulphate chains both composed of
repeating disaccharide subunits with sulphate
groups. These sulphate groups induce an overall
negative charge to attract cations within the
matrix and increase the osmolality of the tissue,
which in turn attracts water. As a consequence,
the osmolality decreases again. Therefore,
articular cartilage has a higher tissue pressure
than other tissues do, but due to the type Il
collagen interconnections, swelling is prevented,;
resulting in the unique mechanical properties of
articular cartilage.

Nevertheless, articular cartilage is limited in
repair mechanisms due to a lack of innervation,
vascularization and lymphatics (14). As a result,
chondrocytes have a slow replicative capacity
making the tissue more susceptible to deficiencies
and pathologies. In OA, this can lead to
mineralization of the articular cartilage by
deposition of calcium-containing crystals in the
ECM of the articular cartilage, but also in the
synovial fluid, leading to tissue degeneration
(15). However, mineralization in general is not a
pathological event. Endochondral ossification
(EO), the development of long bones, occurs
through a physiological mineralization process
(16, 17). This ossification process initiates with
the condensation of lateral plate mesenchymal
cells to the places of the future bones (17, 18).
These cells differentiate into chondrocytes and
start secreting type Il collagen and aggrecan rich-
matrix to form cartilage (16, 17). Eventually, this
cartilage  enlarges  through  chondrocyte
proliferation and matrix production, but at the end
of the cartilage mould, the chondrocytes stop
dividing and enlarge to become hypertrophic.
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These hypertrophic chondrocytes alter the ECM
matrix by producing type X collagen and
fibronectin to enable cartilage mineralization by
crystals such as calcium carbonate (16).
Eventually, the hypertrophic chondrocytes die
and osteoblasts around the cartilage mould form
a bone matrix on the partially degraded cartilage.
At the joint ends, the articular cartilage is
unaffected throughout life residing chondrocytes
in a non-proliferating resting phase (19). The
crystal precipitation in articular cartilage during
OA occurs similarly to the hypertrophy of growth
plate chondrocytes. In the pathological state,
chondrocytes quit their resting phase and enter an
EO-like sequence of proliferation, hypertrophic
differentiation, apoptosis and mineralization of
the diseased articular cartilage. This hypertrophic
differentiation is featured by the increased
metabolic activity of the chondrocytes resulting
in an altering synthesis of ECM molecules and
proteases. This state is associated with the
expression of alkaline phosphatase, collagen X
and MMP-13 leading to impaired homeostasis
and degeneration of the cartilage tissue.

Less is known about the actual driving forces
of hypertrophic differentiation in OA. It has been
known that cartilage homeostasis is influenced by
mechanical load, the surrounding matrix,
cytokines, growth factors, ageing and injury;
factors that can impact tissue integrity (12, 13).
During the regulation of EO, several locally
expressed growth factors are present such as
morphogenetic proteins (BMPs), fibroblast
growth factors (FGFs), transforming growth
factor B (TGF-B), Indian hedgehog (IHH) and
Wingless/Integrated (Wnt) (19). For example,
active TGF-B differs in concentration levels
between healthy and OA joints (20). High
amounts of TGF-p are stored in the ECM of
articular cartilage but in an inactive form. Upon
mechanical loading, these inactive TGF-Bs
release their latency-binding peptide to become
activated. Regular loading is necessary to keep
the cartilage vital. Although, constant elevated
levels of active TGF-f are present in OA leading
to an altered activation of the chondrocytes and
their pathways. This aligns with preliminary data
from our group, in which spontaneous
mineralization occurs upon exposure to high
concentrations of TGF-p to OA-human articular
chondrocytes (HAC). A TGF-p target gene,
vascular endothelial growth factor (VEGF), is
known for its angiogenic properties and is
important for neonatal bone formation during EO
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(21). However, the VEGF/VEGFR expression is
usually not found in the healthy human articular
cartilage of adults. Although, VEGF/VEGFR has
been reported to be present in high concentrations
in OA. Therefore, VEGFA has been suspected to
be an inducer of crystal formation in articular
cartilage mineralization since the growth factor
trigger vascularisation, as a source of calcium and
phosphate.  Fewer studies describe the
mineralization-inducing capacity of growth
factors and therefore the influence of growth
factors, such as VEGF, on mineralization needs
to be further elucidated.

At the moment of total knee replacement
surgery, calcium-containing crystals are found in
the synovial fluid and in the tissue of affected
joints of all OA patients (22). The major crystals
found in OA are basic calcium phosphate (BCP)
and calcium pyrophosphate deposition (CPPD)
crystals (23). Although pathological
mineralization is correlated with the extent of
joint destruction and the disease progression, it is
unclear whether these crystals are either a driver
or a result of the disease (24). However, the BCPs
include a heterogeneous group of crystalline non-
acidic calcium phosphates such as hydroxyapatite
(HA) and to a lesser extent octacalcium
phosphate, tricalcium phosphate and whitlockite
(15, 23, 24). Although, the formation of crystals
is a physiological process and is still under
debate. One of the concepts for crystal formation
is the presence of Posner’s clusters in body fluids
(25). These clusters consist of supersaturated
calcium and phosphate ions and are able to
agglomerate to form amorphous calcium
phosphate (ACP), a precursor of HA (Figure 2A).
Eventually, different ACPs cluster and form pure
HA. Nonetheless, the conversion of ACP to HA
occurs over an extended period of time, resulting
in the formation of precursors. These precursors
are known as calciprotein particles (CPP) (26).
The primary CPPs (pCPP) rearrange to more
stable secondary CPPs (sCPP) and are
characterized by the binding of liver-derived
fetuin-A  proteins  (27). In  physiological
conditions, fetuin-A proteins limit changing
calcium and phosphate homeostasis over time and
ensure adequate mineralization at the right place
and time. Fetuin-A binds calcium and phosphate
over several orders of scale. Moreover, fetuin-A’s
gene, AHSG, has been found in higher abundance
in OA synovial fluid compared to non-OA
synovial fluid, suggesting an increase in crystal
presence and formation in OA (28). Besides, it
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has been known that the precipitation of these
BCPs is regulated by the ratio of phosphate (Pi)
to inorganic pyrophosphate (PPi) (Figure 2B)
(23). At physiological concentrations, PPi
inhibits mineralization and suppresses the
synthesis of HA crystals, while excessive Pi
levels promote BCP formation. Therefore, a
balance of Pi and PPi is regulated by
chondrocytes  to prevent pathological
mineralization in cartilage tissue. This balance is
monitored by several transmembrane enzymes,
such as tissue-nonspecific alkaline phosphatase
(TNAP), the multiple pass transmembrane
protein  Ankryn (ANK) and nucleotide
pyrophosphatase  phosphodiesterase  (NPP1)
(Figure 2C). NNPi generates PPi via the cleavage
of ATP, ANK transports intracellular PPi across
the cell membrane, while TRAP antagonises
NPP1 by hydrolysing PPi to Pi. Nevertheless, the
precipitation of calcium-containing crystals in
OA joints is pathological and is suggested to be
due to an aberrant chondrocyte phenotype
favouring hypertrophy and mineralization (19).
Since BCPs induce synovial inflammation,
cartilage degradation and expression of matrix-
degrading genes in knee joints of mice after
injection, the impact of BCPs and its precursors
on OA chondrocytes are investigated (29).

A Posner Clusters Fusion of ACPs

Liquid phase

pCPP sCPP BCP

B C
ANK NNP1
BCP
PPi
o PPi ;
PPi+AMP  Arp
extracellular
l
| | \
Pi PPi

intracellular

-w

PPi

Figure 2: Crystal formation. A) Formation of
pCPP, sCPPs and BCPs. B) Balance of Pi and
PPi. C) Enzymes coordinating the Pi/PPi ratio.
BCP, basic calcium phosphate; Pi, phosphate;
PPi, inorganic phosphate; pCPP and sCPP,
primary and secondary calciprotein particle;
BCP, Basic calcium phosphate. Figure created
with BioRender (https://biorender.com/).

The aberrant chondrocyte phenotype is
considered a driver of the mineralization of
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articular cartilage in OA. However, it is unclear
which factors induce the loss of chondrocyte
phenotypic integrity that leads to the pathological
formation of these crystals. Therefore, we aimed
to investigate the potential impact of driving
factors on these chondrocytes. Since it is
unknown whether the crystals are a disease driver
or a response, our research considered these
crystals as potential inducers of these
hypertrophic  chondrocytes. Therefore, we
hypothesized that the presence of pCPP, sCPP
and BCP will impact the chondrocytes’
behaviour, with respect to cell morphology and
changes in expression patterns of genes and
proteins. During an in vitro experiment, OA-
HACs will be exposed to different crystals to
study subsequent changes in gene and protein
levels. Furthermore, differential expression of
VEGF at the gene or protein level is suggested to
have a role in the pathological mineralization of
OA HACs. Therefore, we hypothesize that
VEGFa increases phosphate-induced (Pl) OA-
HAC mineralization. Our research group
developed an in vitro Pl mineralization model to
study the impacts of growth factors on
mineralization.  Altogether, this research will
provide insight into the mechanisms behind the
role of VEGF on mineralization and the effects of
crystals on OA-HACS.

EXPERIMENTAL PROCEDURES

Isolation and culturing — Different cell types
were used during the experiments; C2812 human
chondrocyte cell line (ATCC) and OA-HACs.
OA-HACs were isolated from surgical waste
material from total knee replacement surgeries
performed on end-stage OA patients at the
Maastricht University Medical Center+ and the
Sint-Annadal Hospital in the Netherlands. Ethical
approval was obtained from the local ethical
committee with approval identification: METC
2017-0183. Subsequently, cartilage tissue was cut
from all the parts of the femur and incubated
overnight on 1:10 collagenase type Il
(Invitrogen). After incubation, the digested
cartilage was filtered for OA-HACs with a 70pum
cell strainer and cultured until passage 1 in
DMEM/F12 Low glucose & GlutaMAX (Gibco),
containing 10% fetal calf serum (FCS) (Sigma-
Aldrich), 1% antibiotic/antimitotic 100x (P/S)
(Gibco) and 1% non-essential amino acids
(NEAA) (Gibco) under a humified atmosphere of
37% °C and 5% CO,. Two different pools of
respectively 6 and 8 OA-HAC donors were used
at the second passage for further experiments
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(Supplementary Table 1). The C28I2 cell line was
cultured under the same conditions but without
the 1% NEAA (Gibco) medium supplement. Both
cell types were seeded at a density of 30 000
cells/cm? and allowed for attachment for 24 hours
before the start of the experiment.

Crystal synthesis, characterization and
impact — The BCPs were prepared by alkaline
hydrolysis of brushite (30). This was performed
by slowly adding 0.2M sodium phosphate buffer
to 0.2M CaCl,. After 1 hour of stirring at room
temperature, the precipitate was centrifuged at
low speed and discarded for the supernatant.
After washing, 0.5M HCI and 20% NaOH to
adjust the pH to 8.5. pCPPs and sCPPs were
generated by adding 10% FCS (Sigma-Aldrich),
3.5mM inorganic phosphate, 1mM calcium, 1%
P/S (Gibco), and 1% L-Glutamine (Gibco) to
phenol-red free DMEM (Gibco) (28). This
calcification medium was stored at 37°C for
either 1 or 7 days to develop pCPPs and sCPPs,
respectively. The solution was centrifuged at 21
380xg for 120 minutes at 4°C to pellet the pCPPs
and sCPPs. The different crystals were
resuspended for a final concentration of
50pg/mL. Characterization of the different
crystals was performed with Transmission
Electron Microscopy (TEM) (Tecnai) and with
the Zetaview® Nanoparticle Tracking Analysis
(NTA) (Analytik). TEM performed an imaging of
the morphological features at 2um and 50nm. The
crystals were applied on a grid of nickel for
drying at room temperature and visualized
without staining from 2um to 50nm. The NTA
used light scattering and the Brownian motion to
analyse the size distribution of the particles
within the range of 10nm to 1000nm. To assess
the impact of the different crystals on the protein
and gene levels of chondrocytes, an OA-HAC
pool of 6 patients (Supplementary Table 1) was
cultured. The culture media were prepared with
DMEM/F12 Low glucose & GlutaMAX (Gibco),
containing 10% FCS (Sigma-Aldrich), 1% P/S
(Gibco) and 1% NEAA supplemented with
50pg/mL of BCPs, SCPPs or sCPPs. The different
conditions were followed up over time with light
microscopy (Zeiss) after 0, 24 and 48 hours at 20
and 100pm. The media were collected for ELISA.
The wells were washed with 0.9% NaCl for
further procedures with RT-gPCR.

The bioactivity and mineralization capacity
of VEGF — C2812 cells were cultured in DMEM
(Gibco) with 10% FCS (Gibco), 1% P/S (Gibco)
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supplemented with 50ng/mL and 100ng/mL of
VEGFa (Biotechne Ltd, R&D Systems). The iso-
form, type A, of VEGF (VEGFa) is used since
this growth factor is commonly used in scientific
research for the demonstration of VEGF
properties. To assess the mineralization capacity
of VEGFa, a PI-OA-HAC model was used. The
negative control’s media consisted of 10% FCS
(Gibco), 1% P/S (Gibco), and 1% NEAA (Gibco),
while the positive control was complemented
with ImM ATP (New England Biolabs, Bioke)
and 10mM BGP (Sigma-Aldrich). The OA-HAC
pool consisted of 8 patients (Supplementary
Table 1) and was cultured in the same medium as
the positive control supplemented with either
10ng/mL or 100ng/mL of VEGFa. The cells were
exposed to the same concentrations every two
days and followed up with light microscopy
(Zeiss) after 6 and 7 days of exposure at 20 and
100pum. The media were collected for ELISA and
the cells were washed twice with 0.9% NaCl for
the colorimetric assays.

RNA isolation and RT-gPCR -
Chondrocytes were lysed with TRIzol™
(ThermoFisher). A phase separation of RNA and
proteins was formed after the addition of (5:1)
chloroform (VWR). The RNA was precipitated
with (1:1) isopropanol (VWR). After 2.5h at -
20°C, the precipitate was centrifuged again for 60
minutes at 4°C for 21 380xg to wash it with 80%
ethanol. After the removal of the supernatant, the
pellet was resuspended in RNAse-free MQ water.
RNA concentrations were determined by
Nanodrop™ One (ThermoFisher Scientific).
Complementary DNA was reversed transcribed
from 216.7 RNA using reverse transcriptase (RT)
mix. The RT mix of 10uL per sample was
prepared with 5x RT buffer (5x) (Promega),
hexamers primers (0.02ug/uL) (Promega) and
dNTPs (20mM) (Eurogentec) to add to each RNA
sample for the initial phase of the thermal reaction
in the Biometra TRIO (Analytik Jena). The
second phase was continued after the addition of
the enzyme mix (EM) which contained DTTs
(0.1M) (Serva), RNasin (20U/uL) (Promega) and
M-MLV  reverse transcriptase (200U/uL)
(Promega) and MQ. The thermal reaction
followed the subsequent protocol: 6 minutes at
72°C and 5 minutes at 37°C (initial phase), and 1
hours at 37°C and 5 minutes at 95°C (second
phase). A PCR mix was prepared and added to the
cDNA for amplification with the Bio-Rad CFX96
RT-gPCR detection system. The PCR mix
consisted of Takyon NO ROX SYBR MasterMix
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dTTP blue (Eurogentec), MQ, 2ng/uL of cDNA
samples and reversed and forward PCR primers
per sample (20uM) (Eurogentec) with an end
volume of 15uL. The RT-gPCR followed the 50-
cycle standard protocol: 10 minutes denaturation
at 95°C, 50 amplification cycles of each 15
seconds at 95°C and 1 minute at 60°C. The used
RT-gPCR  primers are  presented in
Supplementary Table 2. The expression of the
genes of interest was quantified with the standard
curve method with normalization to the reference
gene Cyclophilin (PPIA) (Eurogentex) following
the AACt method.

Enzyme-linked immune sorbent assay — The
culture media were collected to evaluate the
protein levels with the enzyme-linked immune
sorbent assay (ELISA). The absorbance of the
protein concentrations of hiL-6 (R&D, DY?206-
05), hCXCL-8 (R&D, DY208-05) and hPGE2
(Cayman, 514010-96) was measured with the
MultiSkan™  FC  Microplate ~ Photometer
(ThermoFisher Scientific) according to the
manufacturer’s instructions. All the samples and
standards were measured in duplicates.

Colorimetric assays — To perform the
different colorimetric assays, the cells were lysed
with 0.1M HCI for 2-3 hours at room temperature
on a shaker. The amount of calcium was
determined with the Randox assay. The Calcium
Reference sample was diluted over a dilution
series of 1:1.5 in 1M HCI. The samples and
standard were supplemented with 1:1 CPC/AMP
reagents to measure the absorbance at 560nm
after an incubation of 5 minutes. In the phosphate
assay (Sigma-Aldrich), the samples and standards
were diluted with MQ. A 1:10 dilution series of
0.1mM phosphate standard was prepared. After
adding the Phosphate Reagent to each well and 30
minutes of incubation, the absorbances were
measured at 650nm. The total protein
colorimetric BCA assay (ThermoFisher) used a
1:2 dilution series of the RIPA/BSA standard.
Each well was supplemented with solution C,
consisting of 50:1 bicinchoninic acid solution and
copper(I1) sulphate solution. After an incubation
of 60 minutes at 37°C, the absorbance was
measured at 560nm. MultiSkan™ FC Microplate
Photometer (ThermoFisher Scientific) was used
to measure the absorbance. All colorimetric
assays were performed according to the
manufacturer’s protocols. All the samples and
standards were measured in duplicates.
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Statistics —  Statistical analysis was
performed with GraphPad Version 8.4.2.
Statistical significance between the two groups
was tested by a two-tailed unpaired Student’s T-
test, with a significant threshold of 5%. All
statistical tests were performed according to the
assumptions of normal data distribution and
homogeneity of the variances. The OA-HAC
pools were used to limit patient-dependent
variation. The conditions were compared with the
controls unless indicated differentially. The data
represented in bars consisted of meanzstandard
deviation of the data.
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RESULTS

Crystal characterization — To assess the
impact of pCCP, sCPP and BCP particles on OA
chondrocytes, the presence and formation of the
different particles needed to be confirmed based
on their morphological structure, size distribution
and chemical content. The pCPPs, sCPPs and
BCPs were prepared and individually analysed
for their morphological characteristics with TEM
and for their distribution in size with NTA. The
TEM images visualized the different particles
separately (Figure 3). The pCPP particles were
individually distributed as perfect spherical
particles, while the sCPP were clustering with
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neighbouring particles (Figure 3A-B). Moreover,
the sCPPs lost their perfect spherical features and
demonstrated the formation of protrusions at the
surface (Figure 3A-B). TEM imaging revealed a
dense cluster formation of the BCPs (Figure 3C).
However, TEM images with a scale bar of 100
and 50nm indicated individual BCPs

demonstrating crystallinity features and layer
formation of elongated rods. TEM was able to
confirm the formation of the different particles
and their physical characteristics. Furthermore,
the size of the particles was analysed with the
NTA. An average size of 144.5nm for pCPP,
143.3nm for sCPP and 123.2nm for BCP was

electron microscopy.

Figure 3: TEM imaging of pCPP (A), sCPP (B) and B
nickel-grid at room temperature to drying and visualized without staining. pCPP, primary calciprotein

particle; sCPP, secondary calciprotein particle; BCP, basic calcium phosphate; TEM, transmission

CP (C). The particles were loaded on a
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measured. Moreover, the NTA visualized the
distribution in size (Figure 4). The largest
fraction (52%) of the pCPPs was 133.5nm in size,
while the minor fraction (48%) had a diameter of
182.1nm (Figure 4A). The sCPPs had a more
diverse distribution in size: 27.3% of the particles
was 103.3nm, while larger fractions were
202.8nm and 142.4nm in size, 33.8% and 38.9%
respectively (Figure 4B). The BCPs were more
heterogeneously distributed in particle size:
132.1nm (12.2%), 265.6nm (13.8%), 50.3nm
(21.4%), 99.3nm (21.7%) and 173.6nm (25.4%)
in size (Figure 4C). Although there is a variation
in size, the NTA was able to measure the sizes of
pCPPs, sCPPs and BCPs, which were complying
with previous studies (31, 32). Additionally, the
particles were chemically characterized for
calcium, phosphate and protein contents with
colorimetric assays. The amount of calcium per
particle demonstrated a significant increase in
calcium concentration from pCPP to sCPP and a
significant decrease from sCPP to BCP (Figure
5A). The amount of phosphate per particle
indicated a significant increase in phosphate
concentration from pCPP to sCPP and from sCPP
to BCP (Figure 5B). Also, the amount of protein
per particle determined a significant decrease
from pCPP to sCPP and from sCPP to BCP
(Figure 5C). These results demonstrated
differences in the chemical content between the
different particles. Our data indicated an increase
of both calcium and phosphate contents passing
from pCPP to sCPP, which was confirmed by the
deposition found in generated particles studied in
the calcification of vascular smooth muscle cells
(30). Furthermore, low protein contents in BCPs
were expected, since several proteins are
recognized as BCP inhibitors (33). Altogether,
these NTA results confirmed the formation of
physiologically relevant pCPPs, sCPPs and BCPs
based on their morphological features, size
distribution and chemical content. As a result,
these crystals had the  physiological
characteristics to mimic their impact on an OA-
HACSs in vitro experiment.
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Figure 4: Particle distribution of pCPP (A),
SCPP (B) and BCP (C) measured by NTA. The
NTA measured the size (nm) distribution of the
different particles by using light scattering and
the Brownian motion within the range of 10nm to
1000nm. NTA, nanoparticle tracking analysis;
pCPP, primary calciprotein particle; sCPP,
secondary calciprotein particle; BCP, basic
calcium phosphate.




»» |UHASSELT| Senior internship- 2" master BMW
A Calcium B Phosphate C Protein
0.4 - 0.8 0.006-
o % ﬁ i -
£ 03 £ 06 £ : _:I:_
S 2 S 0.004- .
(=) =) = .
2 02 = 04 =
ttm P E ]
S o S 0.0027
o 0.1 o 0.2 o :
3 2 :
0.0 0.0 0.000-1-1,
R R R R R & R R &
QXL KR L QP R O L R L
Qo EOSR) <.‘,C.' & 9 Qo EOS
Figure 5: Measurement of calcium (A), phosphate (B) and protein (C) deposition per particle
in calcium-containing particles with colorimetric assays (n=2). BCP, basic calcium phosphate;
pCPP, primary calciprotein particle; SCPP, secondary calciprotein particle.

The impact of crystals on chondrocytes — To  conditions of 24 and 48 hours can be compared to

assess the potential impact of the different
crystals on chondrocytes, the responses of an OA-
HAC pool (n=6) were evaluated based on cellular
behaviour, gene and protein levels. The responses
were followed up over 0, 24 and 48 hours and
compared to a non-exposed group, to detect
changes over time. At first, qualitative images
were taken into account to study the cell
behaviour after exposure. (Figure 6). The control

the control of 0 hours. After 24 hours, the
particles were seen closely in contact with the
chondrocytes, resulting in stretching patterns of
the cells. After 48 hours, the cells became more
elongated in comparison to the control. The
particles seem to be dense at 48 hours, probably
as a result of maturation and agglomeration over
time. These images hinted at the stress response
of the OA-HAC:S to the particles.

Reference at TO T24

T48

Control

b

sCPP

Figure 6: Qualitatively assessment of human articular chondrocyte responses to BCP, pCPP
and sCPP after 0, 24 and 48 hours. At first, the cell pool of human OA-chondrocytes (n=6) was
seeded at a density of 30.000 cells/cm? and attached for 24 hours before adding the particles.
Subsequently, the cells were stimulated with 50pg/mL pCPP, sSCPP or BCP. Images were made with
a light microscopy at 20 and 100um. The indicated squares of the 100um pictures do not correlate
with the region indicated at 20um. TO, 0 hours; T24, 24 hours; T48, 48 hours; BCP, basic calcium
phosphate; pCPP, primary calciprotein particle; SCPP, secondary calciprotein particle.
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Figure 7: The responses of OA-HACSs at protein and gene level after exposure to BCPs, pCPPs
and sCPPs. A pool of human OA-chondrocytes (n = 6) was stimulated with 50ug/mL BCP, pCPP or
SCPP. After 0, 24 and 48 hours of exposure, the gene expression of IL-6, CXCL-8, COX-2, MMP-1,
VEGFA and the protein secretion of IL-6, CXCL-8 and PGE2 was measured (Nro controi=4, NT24,control=,
Nt24,8cp-Tasscrp=6). A-E) The human articular OA chondrocyte gene expression of IL-6 (A), CXCL-8
(B), COX-2 (C), MMP-1 (D) and VEGF (E) was measured with RT-gPCR. F-H) Human articular
OA chondrocytes secretion levels of 1L-6 (F) and CXCL-8 (G) were measured with direct enzyme-
linked immune sorbent assay, while the secretion of PGE2 (H) was measured with competitive
enzyme-linked immune sorbent assay. The data is represented in bars with meantSD and is
statistically tested with 5% significance value. Statistical analysis was performed with an unpaired
Student’s T-test. The dotted line demonstrates the control of 0, 24 and 48 hours.
IL-6, interleukin-6; CXCL-8, chemokine (C-X-C motif) ligand 8; COX2, Cyclo-oxygenase 2; MMP1,
Matrix Metallopeptidase 1; VEGFA, vascular endothelial growth factor type A; PGE2, prostaglandin
2; T, hours; FC x control, Fold change compared to the reference gene Cyclophilin; *, P-value.

Furthermore, the impact of pCPP, sCPP and BCP
on OA-HACs was studied for gene and protein
levels. The pCPP and pCPP responses were less
well described in OA, although these particles
demonstrated pro-inflammatory responses in
endothelial cells (34). The BCP-driven
expression and secretion of pro-inflammatory and
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cartilage degradable markers were demonstrated
in OA-HACs (35). Therefore, pro-inflammatory
markers were studied after exposure to pCPPs,
SCPPs and BCPs. The gene expression of pro-
inflammatory genes IL-6, CXCL-8, together with
COX-2, another pro-inflammatory marker, MMP-
1, a marker of cartilage degradation was



»» |UHASSELT| Senior internship- 2" master BMW
A ELISA B Randox Colorimetric Assay (C Phosphate Colorimetric Assay
60 0.10 — .° 00504 020
P ——
* =
E H _;E‘._ E 0.015
) = g
2 5 £
= T o
] & 0.05 20.010
£ _f 5 s
& 20 & g
E T l ‘5 £ 0.005
o Q
0 0024 0.000
O & &
a‘P el & < P & & o
$ & * R &
& « & W & &
D
Day 6 Day 7 Day 6 Day 7

Positive control VEGFa (100ng/mL)

Figure 8: Exposure of VEGFa on chondrocytes. A) The bioactivity of VEGFa in C2812 cell line
(n =3). A concentration of 50 and 100ng/mL of VEGFa was administered to assess the bioactivity of
VEGFa on C28I2 cells. The protein secretion of pro-inflammatory factor IL-6 demonstrated a
significant difference at a concentration of 100ng/mL VEGFa compared to the negative control (n=3).
B-D) A pool of human OA-chondrocytes (n = 8) was included in a Pl model and stimulated with 10
and 100ng/mL VEGFa. The Randox colorimetric assay measured the calcium concentration (B). The
colorimetric assays measured the calcium and phosphate concentration (n=4) (C). Qualification of
the OA-HAC-pool at days 6 and 7 with light microscopy at 100pum (D).

VEGFa, Vascular Endothelial Growth Factor type a; IL-6, interleukin 6. Statistical analysis was
performed with an unpaired Student’s T-test. *P <0.05.

measured (Figure 7A-D). The IL-6 expression
significantly increased by 3.03-fold after 24 hours
and 2.16-fold after 48 hours of BCP exposure,
and also, 0.54-fold in response to sCPP after 24
hours (Figure 7A-B). The expression of CXCL-8
was significantly increased by 2.40-fold after 24
hours and 11.50-fold after 48 hours of BCP
exposure. Also, CXCL-8 was significantly

increased 0.94-fold and 1.30-fold after 48 hours
of exposure to pCPP and sCPP, respectively
(Figure 7B). COX-2 was significantly increased
by 3.40-fold after BCP exposure after 24 hours
and 2.14-fold after 48 hours, while MMP1 was
significantly increased by 8.76-fold after BCP
and 1.89-fold after SCPP at 48 hours (Figure 7C-
D). Additionally, since VEGF was demonstrated

11



»> |UHASSELT

to be increased in OA, the angiogenic markers
VEGFA, VEGFR1 and VEGF2 were measured
(21). The angiogenic mediator, VEGFA, was
significantly increased 2.33-fold after 24 hours,
4.22-fold after 48 hours of BCP exposure and
1.79-fold after 24 hours of sCPP exposure.
However, the gene expressive analysis of
VEGFR1 and VEGFR?2 failed to demonstrate any
significant differences and was shown in
Supplementary Figure 1. Moreover, secreted
levels of IL-6 had the same pattern as for IL-6
expression (Figure 7F). After 24 and 48 hours of
exposure to BCP, IL-6 secretions increased to
720pg/mL with a fold change of 1.88. Also, after
24 hours of exposure to sCPP, the secretions of
IL-6 increased to 400pg/mL. The CXCL-8
secretions were also significantly increased after
24 and 48 hours of BCP exposure, and 24 hours
of exposure to SCPP, with a 7.78, 4.37 and 1.13-
fold change respectively (Figure 7G). The pro-
inflammatory marker PGE2 demonstrated a
significant increase in secretion after exposure to
BCP and sCPP after 24 and 48 hours, but also to
pCPP after 24 hours of exposure, with a 6.52,
0.29, 0.18, 0.25 and 2.3 fold change, respectively
(Figure 7H). These results demonstrated a
response in the inflammatory, matrix degradation
and angiogenesis level after exposure to the
different particles. Moreover, differences in gene
and protein levels were more triggered after
exposure to BCPs, in comparison to pCPPs and to
SCPPs. More responses were demonstrated to
SCPPs than for pCPPs. This data confirmed the
expected BCP-driven inflammation but indicated
new insights on the impacts of BCP on
angiogenic  markers, such as VEGFA.
Furthermore, these data indicated the role of
pCPP and sCPP in inflammation.

The impact of VEGF on OA chondrocytes
— Our previous results, indicated a significant
increase of VEGFA expression in OA-HACs after
exposure to sCPPs and BCPs. Furthermore,
VEGF had been demonstrated in high
concentrations of in OA synovial fluid, compared
to the general population (21). Therefore, growth
factor VEGF was studied as an inducer of crystal
formation and mineralization in an OA-HAC pool
(n=8). Firstly, the bioactivity of VEGFa was
demonstrated for the IL-6 protein with ELISA,
which was significantly increased with a fold
change of 1.90 in C28I2 cells compared to the
control group (Figure 8A). The secretion of IL-6
increased to 388pg/mL indicating the bio-activity
of VEGFa in chondrocytes. Since, VEGFa was
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demonstrated to be bio-active in chondrocytes,
VEGFa was studied as an inducer of
mineralization in an OA-HAC pool (pool n = 8).
The PI-OA-HAC model demonstrated a border
line significant increase of calcium concentration
for 100ng/ml VEGFa compared to the control
(Figure  8B). However, the phosphate
colorimetric assay demonstrated a significant
increase of phosphate concentrations after
exposure to 100ng/mL of VEGFa. Both
differences in calcium and phosphate
concentrations indicate an increase in crystal
formation in the presence of 100ng/ml of VEGFa.
Furthermore, a qualitative assessment of crystal
formation was performed after days 6 and 7 of
exposure (Figure 8D). In the negative control, the
phosphate donors ATP and BGP were absent,
resulting in no crystal formation, while crystal
formation was present in the positive control.
Comparing the positive control to the conditions
of 10 and 100ng/mL VEGFa, indicated the
mineralization capacity of VEGFa in OA-HAC:S.
After 7 days of exposure, the amount of empty
locations increase in addition of VEGFa 10 and
100ng/mL suggesting a negative impact of the
crystals on the cell’s survival. VEGF had been
indicated as having a role in OA, however, these
results were the first to confirm VEGF as an
inducer of mineralization of OA-HACs.

DISCUSSION

The aberrant chondrocyte phenotype is
considered a driver of the mineralization of
articular cartilage in OA. However, it is unclear
which factors induce the loss of chondrocyte
phenotypic integrity that leads to the pathological
formation of these crystals. Calcium-containing
particles are found in OA, but it is unknown
whether this is an initiator or a result of the
pathology (23). Furthermore, which factors
induce mineralization in the OA articular
cartilage, is still under debate. Therefore, we aim
to study the responses of chondrocytes to
calcium-containing particles and the potential
influence of growth factors, such as VEGF, in the
mineralization capacity of these cells.

We generated physiologically relevant
calcium-containing  particles, which  were
confirmed by their morphological features,

average size and chemical composition. The
pCPPs were perfectly spherical, while SCPPs lost
the spherical conformation and demonstrated the
presence of protrusions. The BCPs exhibited a
crystalline structure of rods. The TEM images for
pCPP and sCPP aligned with the generation of
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CPP particles described in calcified vascular
smooth muscle cells (30). Although compared to
the previous study, the sCPPs in our experiment
were not abundantly covered with protrusions.
Suggesting, that the sCPPs were less mature to
their physiological morphological structure as a
possible result of inadequate concentrations of
calcium, phosphate, proteins or incubation time.
Matured TEM images of HA demonstrated the
same crystallinity formation in  studies
characterizing the HAs, which is part of the
heterogenous group of BPCs (36, 37). The size
distribution of the different particles was
measured with NTA, which demonstrated an
average size of 144.5nm for pCPP, 143.3nm for
SCPP and 123.2nm for BCP. These crystals fall
within the same size range of particles prepared
for comparative studies, 80-250nm for CPPs and
100-300nm for BCPs (31, 32). Also, chemical
characterization was performed for calcium,
phosphate and protein contents. The same
difference in deposition of calcium and phosphate
contents was verified in pCPP and sCPP
generated in a calcification study for vascular
smooth muscle cells (30). Furthermore, it has
been reported that the presence of proteins, such
as fetuin-A, is necessary to form pCPPs and
SCPPs.  Although, fetuin-A  has been
demonstrated as a direct prevention of pCPP and
SCPP precipitation into crystalline HAs (33). The
study also reported the spontaneous formation of
BCPs in the absence of proteins. Since proteins
are considered as a formation inhibitor of BCP,
this suggests the low concentrations of proteins in
BCP, compared to pCPP and sCPP, in our results.
However, the measurement of protein contents in
pCPP and sCPP is unexpected, since the CPPs
were prepared with only calcium and phosphate
in the absence of FCS. The overall findings
confirmed the formation of physiologically
relevant calcium-containing crystals and hinted
towards the conversion of pCPP and sCPP to
BCPs by ripening over time. Altogether, these
results indicated that the different calcium-
containing particles were able to mimic the
physiological responses of OA-HACs.

These physiologically relevant BCPs and
CCPs were studied for their impact on OA-HACs.
The majority of chondrocyte’s gene and protein
changes were a result of BCP exposure with an
effect on pro-inflammatory factors, ECM
degrading proteins and angiogenic mediators. In
comparison to our results, equal differences were
found in IL-6 and MMP1 expression and
secretion patterns in Stassen et al. (35). However,
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the expression pattern of MMP-1 was not
significantly increased after 48 hours in
comparison with this study. Moreover, the
expression patterns of pro-inflammatory markers,
COX-2 and CXCL-8, were significantly increased
after exposure to BCP for both 24 and 48 hours.
This was also demonstrated for the angiogenic
factor VEGFA. Nevertheless, these genes were
not measured before in OA-HACs exposed to
BCPs. Since most of the elevations are induced
by BCPs, compared to pCPPs and sCPPs, the
BCPs demonstrated to have the largest impact on
OA-HACs. This could be the result of their
morphological features, in which the TEM
images demonstrated the spikey protrusions at
their surface able to penetrate the chondrocyte’s
membrane. This stress-induced penetration could
lead to differential expression of pro-
inflammatory genes. Fewer effects were seen for
pCPPs, except for the CXCL-8 expression after 48
hours, in comparison to sCPPs. The sCPPs
demonstrated significant increases for IL-6,
CXCL-8 and MMP1 expressions. Since sCPP has
been suggested as a precursor of BCPs, it was
estimated that these SCPPs would react in almost
the same manner, although, in a less reactive way
than the matured BCPs. Together with the Posner
clusters, the pCPP is the initial particle type that
forms in the crystal formation sequence, resulting
in less characterization and penetrating capacity
compared to the more matured types, such as
SCPP and BCP. Therefore, they were suggested
to have less impact on gene and protein levels of
OA-HACs. However, sCPPs are precursors of
BCPs, therefore they initiate the formation of
protrusions indicating a possible role in impacting
the gene and protein levels. The secretion pattern
of IL-6 was the same for the different exposure,
while CXCL-8 demonstrated some differential
secretions. However, this could be the result of
translational mechanisms in the cell. Also, the
secretion of PGE2 was measured since the
secretion was indicated to be amplified after BCP
exposure in human fibroblasts (38). Moreover,
Morgan et al., demonstrated that an increase in
COX-2 expression is linked with an increase in
PGE2 production after BCP exposure. However,
the secretion pattern of PGE2 was more diversely
increases compared to the COX-2 expression.
Overall, these results indicated the impact of the
different calcium-containing particles on OA-
HACs phenotype. Due to CPP induction, the
pathways of  pro-inflammatory = markers,
degradation proteins and angiogenic mediators
were increased in expression and secretion
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pattern. This suggests the role of CPPs in the
induction  of  pro-inflammatory  aberrant
phenotype of chondrocytes

This study suggested that this CPP-induced
aberrant phenotype favours hypertrophy and
mineralization. However, less is known about the
potential inducers of mineralization by
chondrocytes. The  previous  experiment
demonstrated that the gene expression of VEGFA
was increased after BCP and sCPP exposure.
Therefore, VEGFa was suggested as an inducer
of mineralization in OA. The possible role of
VEGF in OA was also indicated by the increased
VEGF/VEGFR expression in chondrocytes of
mature OA articular cartilage, while this tissue is
normally devoted of angiogenesis (21).
Therefore, VEGFa was exposed to a PI-OA-HAC
model and demonstrated a significant increase in
phosphate deposition. Also, an increase in
calcium deposition was found, however, this was
not significantly different. Although Faehling et
al. reported that VEGFa induced an increase of
intracellular calcium in endothelial cells (39).
Less is studied about the impact of VEGFa on
phosphate channels, demonstrating that VEGFa
activity is primarily based on calcium
concentrations, but this is only discussed in
studies about angiogenesis. Nevertheless, these
results indicate that VEGFa is an inducer of
phosphate-deposited mineralization in OA-HACs
and therefore a possible inducer of crystal
formation.

Also, the study has some limitations. Since
most of the experiments are performed once, the
results are derived from a one-point
measurement. This was prevented by using
multiple measurements of the same sample.
However, these samples still have the same
origin. Therefore, these experiments should be
repeated with different samples to validate the
data, which can lead to new insights. Also,
patient-dependent variation is important. During
this study, two OA-HAC pools were used to
perform the experiments, resulting from 14
patients. It would be interesting to perform these
experiments on more different OA-HAC pools to
increase the heterogeneity further. Although,
most of the OA-HAC pools were developed to

induce  patient  variability.  Additionally,
chondrocytes in cultures are tended to
dedifferentiate into  fibroblasts  during

subculturing (40). Furthermore, the culture media
or environment where the cells are cultured in can
impact their phenotype. Therefore, it is important
to minimize the number of passages. In this study,
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this was limited by using the cells at the second
passage. Moreover, the culture conditions were
standardized to mimic the physiological
environment and prevent this dedifferentiation as
much as possible. In future perspectives, it would
be interesting to elaborate on the impacts of
calcium-containing growth factors on more genes
and proteins, such as different MMPs for
demonstrating further the cartage degeneration.
Furthermore, inhibition of phosphate and calcium
channels in mineralization would give more
insights into how the VEGF mineralization by
OA-HACs is induced. Also, studying the
inhibitions of phosphate and calcium channels in
different OA isolates, differing in BMI, gender
and age. Finally, investigating the effects of other
growth factors on the mineralization of OA-
HACs.

In conclusion, our data indicated that pCPP,
SCPP and BCP crystals induce inflammation and
angiogenesis in OA-HACs and that VEGFa is an
inducer of cartilage mineralization in OA.
Further investigation is necessary to determine
the mechanism behind the role of VEGFa in
mineralization and the mechanisms behind the
different pro-inflammatory profiles. This could
aid in the development of new therapeutic
insights.

CONCLUSION

The aberrant chondrocyte phenotype is
induced by the presence of pCPP, sSCPP and BCP
affecting the expressions and secretions of pro-
inflammatory proteins, degradation proteins and
angiogenic factors. One of the angiogenic factors,
VEGFa, induces the phosphate-deposited
mineralization of OA-HACs.
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SUPPLEMENTARY

Table 1: Characteristics of patients used in the OA-HAC pools. M, male; F, female; BMI, Body Mass
Index.

OA-HAC pool (n=6) OA-HAC pool (n=8)
M/F BMI (kg/m?) Age (years) M/F BMI (kg/m?) Age (years)
F 69 30,1 F 29,9 81
F 75 30,1 F 25,7 60
F 75 27,6 F 31,2 73
F 23 38,6 F 25,5 74
M 72 30,4 M 23,9 59
M 58 34,6 M 29,4 82
M 26,4 74
M 314 72
Average | 62 | 31.9 Average 29 72

Table 2 — qPCR primers. These primers were diluted 5 times of 100uM stock.

Type of gene Name primer Gene sequence
Forward
Cyclophiline 5°- TTC-CTG-CTT-TCA-CAG-AAT-TAT-TCC -3’
Reference
(hcyclo) Reverse
5’- GCC-ACC-AGT-GCC-ATT-ATG-G -3’
Forward
Human interleukine 6 5- TGT-AGC-CGC-CCC-ACA-CA -3
(h1L-6) Reverse
5'- GGA-TGT-ACC-GAA-TTT-GTT-TGT-CAA -3'
. . Forward
Human Chemﬁ;ﬁ'\gg gc-x-c motif) 5 TGCTAGCCAGGATCCACAAGT -3'
(hCXCL-8) Reverse
. 5'- TGTGAGGTAAGATGGTGGCTAATACT -3
Inflammation
Forward
Human Cyclooxygenase 5’- ACC-AAC-ATG-ATG-TTT-GCA-TTC-TTT -3
(hCOX-2) Reverse
5’- GGT-CCC-CGC-TTA-AGA-TCT-GTC-T-3’
Forward
Human Metalloproteinase 1 5’- GATGGACCTGGAGGAAATCTTG -3
(hMMP-1) Reverse
5’- TGAGCATCCCCTCCAATACC -3’
. Forward
Human Vascular endothelial 5. GGGCAGAATCATCACGAAGTG -3'
growth factor type A
(hVEGFA) Forward
5'- GTCCACCAGGGTCTCGATTG -3
. Reverse
N Human Vascular endothelial 5- CAGAATCCTCCTCTTCCTCAACAT -3
Angiogenesis growth factor receptor 1
(hVEGFR1) Reverse
5'- CAGAATCCTCCTCTTCCTCAACAT -3
. Forward
Human Vascular endothelial 5. CACCACTCAAACGCTGACATGTA -3
growth factor receptor 2
(hVEGFR?) Reverse
5'- CGTTGGCGCACTCTTCCT -3'
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Figure 1: The responses of OA-HACSs at protein and gene level after exposure to BCPs, pCPPs and
SCPPs for VEGFR1 (A) and VEGFR2 (B). A pool of human OA-chondrocytes (n = 6) was stimulated
with 50ug/mL BCP, pCPP or sCPP. After 0, 24 and 48 hours of exposure, the gene expression of
VEGFR1 and VEGFR2 was measured. The data is represented in bars with mean+SD and is statistically
tested with 5% significance value. Statistical analysis was performed with unpaired Student’s T-test. The
dotted line demonstrates the control of 0, 24 and 48 hours. VEGFR1-2, Human Vascular endothelial
growth factor receptor 1-2. T, hours; FC x control, Fold change compared to the reference gene
Cyclophilin; *, P-value.
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