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Cartilage damage and/or aging effects can cause constant pain, which limits the patient’s quality of life. Although
different strategies have been proposed to enhance the limited regenerative capacity of cartilage tissue, the full
production of native and functional cartilaginous extracellular matrix (ECM) has not yet been achieved. Poly(y-
glutamic acid) (y-PGA), a naturally occurring polyamino acid, biodegradable into glutamate residues, has been
explored for tissue regeneration. In this work, y-PGA’s ability to support the production of cartilaginous ECM by
human bone marrow mesenchymal stem/stromal cells (MSCs) and nasal chondrocytes (NCs) was investigated.
MSC and NC pellets were cultured in basal medium (BM), chondrogenic medium (CM), and CM-y-PGA-
supplemented medium (CM + y-PGA) over a period of 21 days. Pellet size/shape was monitored with time. At 14
and 21 days of culture, the presence of sulfated glycosaminoglycans (SGAGs), type II collagen (Col II), Sox-9,
aggrecan, type XI collagen (Col XI), type X collagen (Col X), calcium deposits, and type I collagen (Col I) was
analyzed. After excluding y-PGA’s cytotoxicity, earlier cell condensation, higher sGAG content, Col II, Sox-9
(day 14), aggrecan, and Col X (day 14) production was observed in y-PGA-supplemented MSC cultures, with no
signs of mineralization or Col I. These effects were not evident with NCs. However, Sox-9 (at day 14) and Col X
(at days 14 and 21) were increased, decreased, or absent, respectively. Overall, y-PGA improved chondrogenic
differentiation of MSCs, increasing ECM production earlier in culture. It is proposed that y-PGA incorporation in
novel biomaterials has a beneficial impact on future approaches for cartilage regeneration.

Introduction

HYALINE CARTILAGE is the most abundant cartilaginous
tissue." It is formed by a process known as chondrogen-
esis, which starts with the migration of mesenchymal pro-
genitor cells and subsequent condensation and differentiation
into resting chondrocytes.'™ These chondrocytes synthesize
two kinds of cartilage: permanent and temporary.'** Perma-
nent or persistent hyaline cartilage serves as a principal form of
skeletal tissue, while temporary or transient hyaline cartilage
acts as templates for bone growth during endochondral ossi-
fication, a process that occurs during skeletal development.'
The principal functions of cartilage include shock absorption,
lubrication, and articulation in movable joints.'>°

Cartilage damage is commonly found in clinical ortho-
pedics.” Potential causes and mechanisms for cartilage le-
sions include aging effects, genetic disorders, trauma, or
tumor ablations, and commonly lead to joint swelling, car-
tilage erosion, bone stripping, constant pain, and severe
motion restrictions, with a serious impact on the quality of
life.”10 However, due to cartilage avascularity, low cellu-
larity, and low cell turnover, this tissue has a very limited
intrinsic regenerative capacity upon injury.'!

Currently, cartilage regeneration strategies rely on the use of
exogenous stimuli that act as chondrogenic inducers'*'? and in
different combinations of cell types and biomaterials that at-
tempt to stimulate the regenerative capacity of cartilage.'>'*'?
The use of biomaterials aims at providing microenvironmental
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cues that mimic the native cartilaginous tissue, either inherent
to the biomaterial itself or conferred by functionalization routes
accessed by the biomaterial or by its degradation products. Thus,
tissue formation and regeneration should be enhanced.'*'®

Natural biopolymers based on cartilage extracellular ma-
trix (ECM), such as collagen, hyaluronic acid, and chon-
droitin sulfate have been proposed for cartilage regeneration,
particularly as tissue-engineered (TE) scaffolds.”!” Although
these biomaterials hold potential for the latter purpose,
challenges such as creating biomechanically suitable tissues
that promote cell adhesion and native ECM production, and
moreover, integrate well with native tissue, remain unsolved.'?
Hence, the continuous discovery of promising biomaterials is
always encouraged. In this regard, this study aims to start
exploring the potential of poly(y-glutamic acid) (y-PGA) in
chondrogenesis by analyzing its biological effects in the
cells while in its soluble form.

PGA is a natural biopolymer with an increasing potential
for different tissue regenerative approaches. Its application in
the biomedical field has been growing, as observed by its use
in biological adhesives, chelating agents for imaging tech-
niques, vaccines, drug/gene delivery systems, and TE-scaf-
folds, particularly for bone and the nervous system.'® !

In the case of bone, y-PGA has been combined with
collagen (Col) in the form of y-PGA/Col sponges. Thus, y-
PGA modification was shown to increase calcium deposits
and apatite formation.?® In addition, both L- and D-glutamate
are essential for bone mineralization, which justifies the
interest in this polymer for bone regeneration.?>-2°> For nerve
tissue regeneration, y-PGA scaffolds were shown to favor the
differentiation of induced pluripotent stem cells into neuron-
lineage cells.® Moreover, the fact that L-glutamate is a major
excitatory neurotransmitter in the central and peripheral
nervous system underlines the interest in y-PGA use in this
field.”” >

In cartilage, glutamate signaling was shown to tune rat
and human chondrocyte behavior and enhance matrix pro-
duction.*®? y-PGA-blended scaffolds were reported to
support rat chondrocyte cultures.>® A patent describing the
injection of y-PGA for the treatment of degenerative joint
diseases has also been filed.>* Nevertheless, how y-PGA in-
fluences cell differentiation toward the chondrogenic lineage
and cartilaginous ECM production has never been explored.

PGA can be chemically synthesized (x-PGA) or micro-
bially produced (y-PGA)."® In particular, y-PGA is obtained
from fermentation of several Bacillus strains,'®3%3¢
is constituted by D- and L-glutamic acid residues.'*®%’

v-PGA biodegradability and nonimmunogenicity make
this polymer attractive for tissue regeneration.'®*' Besides
chemical degradation induced by Prolonged exposure to
extreme pH and high temperatures, 8 only y-PGA, but not
a-PGA, can be degraded by enzymatic/biochemical path-
ways, giving rise to glutamic acid residues.'®¥° Lee er al.
demonstrated that y-PGA supplementation in rat diet sig-
nificantly increased glutamate concentration in serum and in
the brain, suggesting y-PGA biodegradation.*® On the other
hand, y-PGA nonimmunogenicity has been proposed on the
basis of the absence of an immune response in the rat fol-
lowing repeated injections of y-PGA.***!

Our team has previously described y-PGA production by
Bacillus subtilis natto and subsequent purification to yield
a polymer with low molecular weight (Mw) (10-50 kDa),
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high purity grade (~99.5%), and a D-/L-glutamate ratio of
50-60/50-40%.%%** This high purity level is very attractive
since commercially available y-PGA usually has low (c.a.
70%) or unknown purity levels,*>**~* which may hinder its
application in the biomedical field, and especially when it
comes to clinical translation.

In this study, the effect of y-PGA on chondrogenic dif-
ferentiation of human mesenchymal stem/stromal cells
(MSCs) and redifferentiation of nasal chondrocytes (NCs)
was addressed. y-PGA was added to pellet cultures over a
21-day period. This culture system is the most common
in vitro model of chondrogenesis, since it simulates early
condensation of mesenchymal cells during skeletogenesis.
It is considered a straightforward method to induce chon-
drogenic differentiation/redifferentiation and cartilagi-
nous matrix production of expanded chondroprogenitor/
chondrocytic cells for cartilage regeneration.® The use of
MSCs and NCs relies on their ability to produce type II
collagen (Col II), sulfated glycosaminoglycans (sGAGs),
and other ECM components present in functional hyaline
cartilage.”"”

Materials and Methods
y-PGA production and characterization

v-PGA was microbially produced and purified as described
in Pereira et al..*®

Briefly, y-PGA was produced by B. subtilis in E medium
containing 3% L-glutamic acid and 2% citric acid*®*’ at
37°C and 120rpm for a period of 72h. The polymer was
isolated from the bacterial culture broth following several
steps to eliminate the medium components and other bacterial
metabolites. Polysaccharides were removed by acidic hydrolysis
using 6 M H,SO, at pH 3.0, proteins were eliminated by incu-
bation with proteinase K, and the resultant solution followed a
dialysis step to remove salts and other small molecules.

MW, purity, and stereochemical composition were eval-
uated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, Fourier transform infrared spectroscopy, and
circular dichroism, respectively. The resulting polymer had
a molecular weight ranging from 10 to 50kDa, high purity
grade (99.5%), and a D-/L-glutamate ratio of 50-60/50—
40%.*? The endotoxin level of v-PGA, which was below the
limit 0.5 EU/mL,48 was controlled by the Limulus Ame-
bocyte Lysate QCL-1000 kit (Cambrex/Lonza).

MSC isolation from bone marrow

Bone marrow aspirates from newborn vertebrae were
collected at the Institute of Pathology of the University
Medical Center Mainz, according to the ethical guidelines of
the University Medical Center Mainz and ethical committee
of the German state of Rhineland-Palatinate.

The bone marrow aspirates were mixed with red blood
cell lysis buffer, containing 0.15M ammonium chloride
(Merck), 10mM potassium bicarbonate (Merck), 0.1 mM
disodium ethylenediamine tetraacetate (Sigma), pH 7.2-7.4,
in a 1:9 ratio and incubated at room temperature for 3 min.
After centrifugation (3min at 390 g) and subsequent
washing in phosphate-buffered saline (PBS) solution, cell
pellets were resuspended in Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 (DMEM/F-12; GlutaMAX™,
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Gibco®) cell culture medium supplemented with 10% fetal
bovine serum (FBS; Sigma), 1% penicillin/streptomycin (P/
S; Gibco), and 5Sng/mL basic fibroblast growth factor
(bFGF; Sigma-Aldrich), and seeded on cell culture flasks in
a humidified atmosphere with 5% CO, at 37°C.

At a subconfluent to confluent stage, cells were detached
with 0.05% trypsin/EDTA (Gibco) and reseeded until
reaching the necessary amount for the subsequent experi-
ments. The phenotypic characterization and multilineage
differentiation potential of MSCs were characterized as
described in the Supplementary data (Supplementary Data
are available online at www.liebertpub.com/tea).

NC isolation from nasal cartilage

NCs were isolated from adult nasal cartilage, which was
collected at the Department of Oral, Cranio-Maxillofacial,
and Facial Plastic Surgery of the Medical Center of the
Goethe University Frankfurt, after approval by the Ethical
Committee of the Medical Center of the Goethe University
Frankfurt.

Slices of cartilage were chopped into small pieces with a
scalpel and digested overnight with 0.15% collagenase B
(Roche) in DMEM (Sigma) with 5% FBS at 37°C. After-
ward, digested tissue was filtered through a 100 um pore
sized cell strainer. Chondrocytes were then pelleted down
by centrifugation and resuspended in high-glucose DMEM
(4.5% glucose; Gibco) supplemented with 10% FBS, 1% N-
2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES
buffer, 1 M; Gibco), 1% sodium pyruvate (Gibco), and 1%
P/S. Additionally, 1 ng/mL transforming growth factor beta
1 (TGF-B1; R&D) and 5ng/mL bFGF were added to the
medium. NCs were expanded in monolayer culture in the
culture medium mentioned above in a humidified atmo-
sphere with 5% CO, at 37°C.

At a subconfluent to confluent stage, cells were detached
with 0.05% trypsin/EDTA (Gibco) and reseeded until
reaching the necessary cell quantity for the subsequent ex-
periments.

1 million cellsftube/mL
BM 37°C
5% COy

Centrifuged cells

100 pm

FIG. 1.
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y-PGA cytotoxicity assay

v-PGA cytotoxicity for MSCs and NCs was assessed
by the MTS assay (MTS, Promega), which measures the
conversion of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium to for-
mazan that can be photometrically detected (492 nm).

MSCs and NCs were seeded at 30,000 cells/cm? in flat-
bottomed 96-well plates, in 100 uL. of DMEM/F-12, Glu-
taMAX™+10% FBS+1% P/S+5ng/mL bFGF culture
medium. After 48 h, cells were cultured in two conditions:
(1) medium supplemented with y-PGA (0.2 mg/mL) and (2)
medium without y-PGA. Metabolic activity was then as-
sessed by MTS conversion every 24 h for a total of 72h. A
blank control comprising only medium was also included.
For each cell type, two to three independent donors were
selected. For each measurement, three replicates/condition
were included.

Three dimensional pellet cultures of MSCs and NCs

MSCs (passage 6-7) and NCs (passage 2—4) routinely ex-
panded were seeded in 15mL polypropylene tubes (1x 10°
cells/tube/mL).

Cell pellets were formed by centrifugation (Smin at
390 g) and cultured in basal medium (BM) (DMEM-high
glucose (Sigma) +10% FBS + 1% P/S) in a CO, incubator at
37°C. Tube lids were loosely maintained on top of each tube
to allow gas exchange. After 24 h, the pellets were cultured
in three different conditions: (1) BM; (2) chondrogenic me-
dium (CM) (DMEM-high glucose + 5 pg/mL insulin (Sigma)+
Spg/mL Transferrin (Sigma)+5ng/mL selenous acid (Sig-
ma)+0.1 uM dexamethasone (Sigma)+0.17mM ascorbic 2-
phosphate acid (Sigma)+1mM sodium pyruvate (Gibco)+
0.35 mM proline (Sigma)+1.25 mg/mL bovine serum al-
bumin (BSA) (Sigma)+ 10 ng/mL TGF-B3 (R&D) freshly
added); and (3) CM supplemented with y-PGA (0.2 mg/mL,
also freshly added) (CM +vy-PGA). The media were chan-
ged twice per week during 21 days of culture.

The experimental design is depicted in Figure 1.

Pellet culture experimental design. Mesenchymal stem/stromal cells (MSCs) and nasal chondrocytes (NCs) were first

expanded in monolayer (bar represents 100 um), after which they were seeded in 15 mL tubes (1 million cells/tube/mL) in basal
medium (BM). Cells were centrifuged and the pellets obtained cultured at 37°C, 5% CO,. After 24 h, the pellets were cultured in
three distinct conditions: (A) BM; (B) chondrogenic medium (CM); (C) CM supplemented with y-PGA (0.2 mg/mL) during a
period of 14 or 21 days. Figure uses images from Servier Medical Art. Color images available online at www liebertpub.com/tea
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Analysis of pellet size/shape distribution

Cell pellets were imaged periodically during in vitro
culture using a Canon EOS 1000D Rebel XS with 18—
55mm lens (Canon Inc.) and analyzed using ImageJ soft-
ware (version: 1.46r). The sizes of the pellets were depicted
as the area enclosed by an ellipse. The horizontal and ver-
tical lengths of cell pellets normalized by the length of tube
base in each image were treated as the major and minor axes
of each ellipse. The aspect ratios (AR) of the pellets were
calculated by the quotient between horizontal and vertical
lengths of cell pellets normalized by the length of tube base
in each image. Image analysis was performed in ten to
twelve pellets/condition (MSCs) and in six to eight pellets/
condition (NCs), for three to four independent donors.

Analysis of sGAGs by histochemistry

At days 14 and 21, pellets were fixed in paraformalde-
hyde (PFA, 3.7%) for 15 min, washed in PBS and stored at
4°C. Subsequently, they were placed in histology cassettes,
embedded in paraffin wax, cut into 2—4 pum sections, and
mounted on glass slides (Super Frost color; Menzel-Gliser)
or coated microscope slides (FLEX IHC Microscope Slides;
Dako) compatible with a Dako Stainer plus equipment
(Dako).

The slides were then immersed three times in xylene to
remove paraffin and rehydrated in an alcohol series and
distilled water. Paraffin-embedded pellet sections were in-
cubated in 3% acetic acid (VWR) for 3 min and in 1% alcian
blue (Chroma) solution (in 3% acetic acid, pH 2.5) for
30min, to detect sGAGs deposition. Cell nuclei were
counterstained by immersion in 0.1% nuclear fast red (VWR),
5% aluminum sulfate (VWR) solution for 10 min. After a final
rinse in distilled water, dehydration in absolute ethanol, and
clearing in xylene, the slides were mounted with resinous
mounting medium (Entellan®; VWR).

Detection of Col Il, Sox-9, Aggrecan, Col X, and Col I,
by immunohistochemistry

Paraffin-embedded sections were processed for immuno-
histochemistry (IHC) using different antibodies: a mono-
clonal antibody (II-II6B3) against type II collagen (Col II,
developed by Dr. Thomas F. Linsenmayer, was obtained
from the Developmental Studies Hybridoma Bank under the
auspices of the NICHD and maintained at the University of
Towa, Department of Biology, Iowa City, IA 52242); a
polyclonal antibody (IMG-6489A) against Sox-9 (Imgenex);
a monoclonal antibody (AHP0022) against aggrecan (In-
vitrogen); a monoclonal antibody (2031501005) against
type X collagen (Col X; Quartett); and a polyclonal antibody
(SAB4500362) against type I collagen (Col I; Sigma).

Sections for Sox-9, aggrecan, Col X, and Col I were
stained in a standardized fully automated manner by use of a
Dako Stainer plus (Dako). Endogenous peroxidase was
blocked with 3% hydrogen peroxide (VWR) solution for
Col 1II, or EnVision™ FLEX Peroxidase-Blocking Reagent
for Col I, for 10 min. Antigen retrieval for Col II was per-
formed through incubation with proteinase K (Dako) for
5 min. For Sox-9, aggrecan, Col X, and Col I, heated citrate
buffer (pH 6.0; Dako) was used during 35 min. The sections
were then incubated with the primary antibody against Col
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1T (1:50, 30 min), Sox-9 (1:400, 60 min), aggrecan (1:1000,
30 min), Col X (1:50, 60 min), and Col I (1:50, 60 min) in
the dark. For Col II, an extra blocking step was introduced to
reduce nonspecific background staining with 6 min incuba-
tion in antibody diluent with background reducing compo-
nents (Dako); while for Col I a 15min incubation in a
protein block (Dako) was included.

For Col II, visualization was performed using the EnVi-
sion Detection Systems Peroxidase/DAB Rabbit/Mouse
staining kit instructions from the supplier (Dako). Bound
antibodies were revealed after a 30 min incubation of HRP-
Polymer (Dako) in the dark and 1min incubation with
peroxidase-substrate solution (DAB + Chromogen and Sub-
strate Buffer; Dako). For Sox-9, aggrecan, Col X, and Col I,
visualization was performed using the EnVision FLEX de-
tection system intended for use in THC together with Dako
Autostainer Instruments following the kit instructions from
the supplier (Dako). Bound antibodies were revealed after
a 20min incubation of EnVision FLEX/HRP detection
reagent (Dako) in the dark and two times 5 min incubation
with peroxidase-substrate solution (EnVision FLEX/
DAB + Chromogen and EnVision FLEX/Substrate Buffer;
Dako).

As a positive control, human nasal cartilage sections or
growth plate cartilage were used, while for the negative
control the same pellets without primary antibody were used.

Detection of type Xl collagen by immunofluorescence

Type XI collagen (Col XI) deposition on the paraffin-
embedded pellet sections was analyzed by immunofluorescent
(IF) staining.

Antigen retrieval for Col XI was performed through in-
cubation of the slices with a 20 pg/mL proteinase K (Sigma-
Aldrich) solution for 5 min. A blocking step was introduced
to reduce nonspecific background staining with 1h incuba-
tion in PBS containing 5% donkey serum (DS; Santa Cruz
Biotechnology, Inc.) and 0.1% Triton X-100 (Sigma). The
sections were then incubated (1:50) overnight at 4°C with
the primary antibody against Col XI (polyclonal antibody
COL11A2 (K-16); Santa Cruz Biotechnology, Inc.) in the
dark. A fluorescent secondary antibody (Invitrogen) was
diluted 1:200 and incubated for 1 h, also in the dark. After
washing in PBS, the samples were mounted with Fluor-
oshield mounting medium with DAPI (Sigma).

As positive controls, human nasal cartilage sections were
used, while for negative control the same pellets without
primary antibody were used.

Analysis of calcium (Ca”*) deposits by histochemistry

To evaluate possible signs of mineralization, the von
Kossa stain was performed. Paraffin-embedded slides ob-
tained as described above were immersed in 5% silver ni-
trate solution (VWR) for 1h under strong light and in 0.2%
gold chloride (VWR) solution for 5min, to intensify the
staining. Excess silver nitrate was removed with a 5% so-
dium thiosulfate (VWR) solution for 5 min. Cell nuclei were
counterstained with 0.1% nuclear fast red (VWR) solution
for 10 min. Ascending grades of alcohol solutions were used
to dehydrate the pellet sections. Finally, samples were
cleared in xylene and mounted in resin.
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Quantification of sGAGs

Pellets were digested overnight at 60°C in 300 pL of
papain digestion buffer containing 100 mM disodium hy-
drogen phosphate (Roth), SmM EDTA (Sigma), 5mM
L-cysteine (Aldrich), and 125 pg/mL papain from papaya
latex (Sigma) at pH 7.5. After vortexing and centrifugation,
SGAG content was measured after reaction with 1,9-
dimethyl-methylene blue zinc chloride double salt (DMMB;
Sigma-Aldrich) dye reagent solution, containing 40 mM
sodium chloride (NaCl; Roth), 40 mM glycine (Roth), and
46 uM DMMB, previously adjusted to pH 3.0.

Chondroitin sulfate A sodium salt from bovine trachea
(Sigma) was used as standard. To normalize the results,
cellularity was measured based on the DNA content using a
CyQuant® kit (Invitrogen) with lambda DNA as a standard.
For MSCs, 8-10 pellets/condition were digested from three
independent donors. For NCs, five to six pellets/condition
were digested from three independent donors.

Free active TGF-f1 quantification

The concentration of TGF-B1 in the pellet supernatants
was determined after 14 and 21 days of culture. An ELISA
kit (LEGEND MAX™ Free Active TGF-B1 ELISA Kit;
BioLegend®) was used to quantify TGF-B1 levels, according
to the manufacturer’s instructions. Results were normalized
to the DNA content of each pellet. Three-pellet supernatants/
condition from three independent donors were selected.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version: 5.0a). At least three independent experiments were
considered for each characterization method. The para-
metric distribution of the data was first evaluated by the
D’Agostino & Pearson omnibus normality test. Since col-
lected data followed a nonparametric distribution, statistical
analysis was performed using Wilcoxon test to compare
two groups of samples or Friedman test followed by the
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Dunn’s multiple comparison post-test to compare more than
two groups of samples. A confidence interval of at least
95% was taken to define statistical significance (*p <0.05,
*#p <0.025, ***p<0.001).

Results
y-PGA cytotoxicity in MSC and NC 2D cultures

v-PGA is a polyamino acid that was microbially produced in
our lab®® and has been used by us on the basis of its ability to
form polyelectrolyte complexes with cationic polymers, such
as chitosan (Ch), by electrostatic interaction.*>*° y-PGA/Ch
multilayer films (prepared with [y-PGA]=0.2 mg/mL) were not
cytotoxic for human fibroblasts in culture.*?

In this study, the cytotoxicity of y-PGA in both MSC and
NC cultures was addressed. First, images of MSC and NC
cultures showed that both cell types presented a character-
istic spindle-shaped morphology, which is their normal as-
pect in 2D conditions (Fig. 2A). Moreover, cell metabolic
activity was evaluated during a 72h period after y-PGA
addition and compared with control cultures (without the
polymer) (Fig. 2B). The results show that y-PGA was not
cytotoxic for either cell type at the selected concentration
(0.2mg/mL). y-PGA concentration was maintained at
0.2mg/mL to conduct the following studies, since it is the
polyion concentration of the polyelectrolyte complexation
processes optimized by our team.’®**4°

Effect of y-PGA on the size and shape of 3D pellet
chondrogenic cultures of MSCs and NCs

To promote the production of cartilaginous ECM, MSC
and NC cultures were performed in three dimensional (3D)
conditions. Both cell types can form cell aggregates, known
as pellets, after centrifugation. The cultures were performed
in CM, which is a high-glucose medium with standard
chondrogenic inducers (described in the Materials and
Methods section), and in y-PGA-supplemented CM (CM +
v-PGA) ([y-PGA]=0.2mg/mL) during 21 days of culture.

NC

[ msc [l NC

1204

MTS conversion (% of control)

FIG. 2. (A) MSC (left) and NC
(right) morphology in monolayer
culture (bar represents 300 pm). (B) v-
PGA cytotoxicity in MSC (white bars)
and NC (gray bars) cultures.
Metabolic activity assessed by MTS
assay of y-PGA-supplemented
cultures was compared with cell
cultures in basal culture conditions for
each time point. Results are shown
as mean £ SD from two to three
independent donors. No statistical
differences were detected using the
nonparametric Wilcoxon test.
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Pellet cultures in the presence of BM, without any chon-
drogenic inducer, were performed as control.

Both MSCs and NCs formed pellets within 24 h after cell
seeding, and their size and shape were monitored during time
in culture (Fig. 3A). The variations in size and shape of the
pellets can be related with cell condensation, cell proliferation
or death, and ECM production, as suggested by other authors.*

To analyze the differences in pellet size in the cultures
with and without y-PGA, their surface area was quantified.
Figure 3B shows size (compared to pellets at day 1, in %)
median tinterquartile range (IQR, difference between the
75th and 25th percentiles) of MSC and NC pellets cultured
under the different conditions. In both chondrogenic con-
ditions, MSC pellet size significantly decreased (¥*p <0.05)
with time in culture, reaching 56.0% +36.7% and 65.5% t
30.1% for CM and CM + v-PGA, respectively, after 21 days.
In BM, pellet size also showed a pronounced decrease
(***p <0.001), reaching 31.7% =37.0% of their initial size.

MSC
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In chondrogenic cultures of NCs, the pellet size increased,
reaching 174.6%+19.8% (*p<0.05) and 178.7% £31.2%
after 21 days for CM and CM + y-PGA, respectively. In BM,
NC pellet size decreased with time in culture (reaching
23.4% +19.5% after 21 days).

In addition, the pellet AR was quantified to analyze the
differences in pellet shape in the cultures with and without
v-PGA.

Figure 3C shows AR median *interquartile range of MSC
and NC pellets cultured under the different conditions. In
the case of MSCs, from day 7 until the end of the culture,
the AR of MSC pellets cultured in both chondrogenic con-
ditions was always lower than those cultured in BM (de-
crease of 0.1-0.3 times). The major difference was observed
after 7 days when AR of MSC pellets cultured with CM + -
PGA was 1.4+0.2 (¥**p<0.001). On the other hand, the
AR of NC chondrogenic pellets was higher (ranging from
1.1 to 1.4 times higher) and more variable than those of

NC

14d  21d

FIG. 3. (A) Evolution of e

size and shape of MSC and

1d 2d 7d 14d  21d

1d 2d 7d
| |

NC pellets cultured over a
21-day period. One repre-
sentative donor and pellet of
each cell type is presented
here. Bar represents 0.2 cm.
(B) The size (ellipse area) of
cell pellets was calculated
from the images above over
time in culture for all the
conditions tested: BM (white
bars), CM (bars with dots),
or CM supplemented with
v-PGA (CM +v-PGA, bars
with stripes). For each ex-
periment, areas were com-
pared to the areas of pellets
from day 1. (C) The aspect
ratio (horizontal/vertical
length) of the same cell pel-
lets was also calculated. Re-
sults are represented as box
plots (MSCs: seven pellets/
condition, three independent
donors; NCs: six pellets/
condition, four independent
donors). Statistical signifi-
cance was set at (¥*p<0.05,
**p <0.025, ¥**¥p<0.001),
using the Friedman paired
test followed by the Dunn’s
multiple comparison post-
test. Color images available
online at www.liebertpub
.com/tea
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MSC pellets, although the general trend toward AR decrease
with time in culture was also observed. In CM+y-PGA
conditions, the AR of NC pellets significantly decreased
over time until day 14 (1.7£0.4) (*p <0.05). In addition, no
significant differences were found between the different
culture conditions at each time point.

Overall, morphological analysis of cell pellets suggests
that cell condensation was observed in both MSC and NC
pellets: MSC pellets became denser with culture time and
adopted a spheroid shape (lower size and lower AR), while
NC chondrogenic pellets became larger translucent discs
(greater size and higher AR).

Analysis of sSGAG and TGF-1 production by MSC
and NC 3D pellet cultures

To evaluate how y-PGA could have an impact on the
production of cartilaginous matrix deposition, both MSC
and NC 3D cultures were analyzed after 14 and 21 days of
culture for sSGAG deposition either in pellet sections or in
the whole pellets after digestion. In pellet sections, alcian
blue staining allowed the visualization of SGAG deposition

MSC
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(light blue, represented in darker shades of grey within
pellets ECM) within the sections (Figs. 4 and 5 show rep-
resentative images of MSC and NC pellets cultured with
BM, CM and CM +v-PGA).

The presence of pyknotic/necrotic bodies (dashed black
circles), as depicted elsewhere,’®! clearly distinguished
MSC pellets in BM from chondrogenic conditions (Fig. 4).
This fact suggests that cells without chondrogenic inducers
present low viability and poor capacity to form matrix. On
the other hand, in both chondrogenic conditions, alcian blue
staining revealed sGAG deposition in MSC pellets, with the
majority of cells exhibiting a fibrous/spindle shape (black
arrows), while others presented round-shaped morphology
(black circles). sGAG deposits appeared to be more fre-
quently accumulated in the pellet periphery after 21 days of
culture. Importantly, when y-PGA was supplemented to the
medium, a more homogenous sGAG deposition was ob-
served in MSC pellets, in particular in the center.

In the case of NC pellets, cells exhibited typical round-
shaped chondrocyte morphology with lacunae formation
(Fig. 5, black circles). The sGAG deposition appeared to be
higher than in MSC pellets, and distributed throughout the

periphery

A 14d

CcMm

CM+y-PGA

middle

center

FIG. 4. Alcian blue/nu-
clear fast red histological
staining of paraffin sections
of MSC pellets cultured for
(A) 14, and (B) 21 days in
the three culture conditions
tested: BM, CM, or CM
supplemented with y-PGA
(CM +v-PGA). Sulfated gly-
cosaminoglycan (sGAG) de-
position was observed by the
presence of blue staining,
here represented in darker
shades of grey within pellets
ECM. One representative
donor of each cell type is
presented here. For each time
point: the first column pres-

B 21d

cMm

CM+y-PGA

ents whole pellet images
(bars represent 500 pum). The
three columns to the right are
detailed images of distinct
regions of the cell pellet:
peripheral, middle, and
center of the pellets. The bars
represent 50 um. The dashed
black circles locate pyknotic/
necrotic bodies, black arrows
the fibrous/spindle cell
shape, and the black circles
highlight round-shaped
morphologies. Color images
available online at www
Jliebertpub.com/tea
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NC

A 14d

BM
FIG. 5. Alcian blue/nu-
clear fast red histological
staining of paraffin sections
of NC pellets cultured for (A)
14, and (B) 21 days in the
three culture conditions test- cMm
ed: BM, CM, or CM supple-
mented with y-PGA
(CM +7v-PGA). sGAG depo-
sition was observed by the
presence of blue staining,
here represented in darker
shades of grey within pellets
ECM. One representative
donor of each cell type is

CM+y-PGA

middle center

periphery

presented here. For each time
point: the first column pres-
ents whole pellet images
(bars represent 500 um). The
three columns to the right are
detailed images of distinct
regions of the cell pellet:
peripheral, middle, and
center of the pellets. The bars
represent 50 um. Black cir-
cles highlight round-shaped cMm
cell morphologies. Color

images available online at
www.liebertpub.com/tea
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BM @
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whole sectional areas. However, in these cultures, y-PGA
did not substantially increase sGAG deposition.

The histochemical analysis was corroborated by sGAG
quantification in whole pellets (Fig. 6). In MSC cultures,
SGAGs slightly increased from basal levels in both chon-
drogenic conditions at day 14, this being more evident after
21 days of culture, in both CM (35.7+30.5 pgsgags/mL) and
in CM +v-PGA (35.3+26.7 pgsgags/mL), without significant
differences existing between them. When sGAG deposition
was normalized to the DNA content of each pellet, the po-
tential of y-PGA to increase sGAG deposition became more
evident. Thus, after 21 days of culture, SGAGs/DNA signif-
icantly increased from the basal level (4.8%3.6 nggacs/
Hgpna) to CM (11.3£6.4 nggacs/Mgpna) (Fp<0.05) and
from CM to CM+vy-PGA (13.3£8.9 ngcacs/HEDNA)
(**p <0.025), which clearly demonstrates the potential of y-
PGA to enhance ECM synthesis.

In the case of NC pellets, the sGAG quantification was
also in accordance with the histological observations. In gen-
eral, sSGAGs were much higher in NC than in MSC cultures.
However, no significant differences were observed between
the different culture media, despite the increase in sGAG

production observed from basal to chondrogenic conditions
(ranging from 12.1£12.0 pgsgags/mL to 84.9 1 13.8 ngigacs’
mL and to 78.0+20.0 pgsgags/mL in CM and CM +v-PGA,
respectively). This trend was also observed when sGAGs were
normalized to the DNA content of each pellet.

TGF-B1 has been predominantly and consistently asso-
ciated with an enhancement of cell condensation in the
initial stages of chondrogenesis,”>™>> which are critical for
the subsequent stages of chondrogenesis.’® Although no
statistically significant differences could be observed be-
tween the different culture conditions, the analysis of en-
dogenous TGF-B1 shows that pellets cultured under basal
conditions tended to present higher TGF-f1 concentration
values that did not decrease with culture time. This effect
was more evident in NC pellets.

Analysis of Col Il deposition of MSC
and NC 3D pellet cultures

Col II is widely recognized as a definitive attribute of
cartilage. Immunohistochemical analysis for Col II allows
the assessment of its deposition, an outcome achieved by
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FIG. 6. Biochemical analysis of sSGAG deposition and DNA content in (A) MSC and (B) NC pellets, cultured for 14 and
21 days in the three conditions tested: BM (white bars), chondrogenic (CM, bars with dots), or CM supplemented with y-
PGA (CM+v-PGA, bars with stripes). Results are represented as box plots (MSC: eight pellets/condition, three inde-
pendent donors; NC: five pellets/condition, three independent donors). Statistical significance was set at *p <0.05,
(**p<0.025), using the Friedman paired test followed by the Dunn’s multiple comparison post-test.

cells that undergo full hyaline chondrogenic differentia-
tion.>® Figures 7 and 8 show representative images of Col II
immunostaining in MSC and NC pellets, respectively. In
MSC pellets cultured in CM, Col II staining was observed
in some areas of the pellets (brown, represented in darker
shades of grey with pellets ECM), equivalent to those in which
more SGAGs were deposited. Of interest was the presence of
higher fibrillar labeling (black arrows) in both chondrogenic
conditions but more pronounced in the presence of y-PGA at
day 21. No Col II was detected in BM, as expected.

In the case of NC pellets, a more intense Col II staining
was observed in chondrogenic conditions. Nevertheless, no
noticeable differences could be seen in intensity or distri-
bution of Col II between CM and CM-y-PGA conditions, in
line with the sGAG results. Regarding the culture in BM,
Col I accumulation could be observed in the pellet outer
regions, suggesting some level of neochondrogenesis in the
case of fully differentiated chondrocyte cultures.

Analysis of Sox-9, aggrecan, Col XI, Col X, Col I,
and calcium deposition of MSC and NC 3D pellet cultures

After establishing that the cultured chondrogenic 3D
pellets from both cell types expressed the main attributes of
an in vitro engineered cartilaginous tissue, additional ele-
ments, from different stages of the chondrogenic differen-
tiation pathway, were procured. The aim was to further
validate the chondrogenic differentiation of MSCs/NCs
observed and reinforce the bridge between the NC pellets

and the differentiated MSCs. Accordingly, Sox-9, aggrecan,
Col X1, Col X, and Col I were analyzed (Figs. 9 and 10), and
substantiated the results obtained previously.

Sox-9 is a nuclear transcription factor, an early chon-
drogenic marker, vital for the cell condensation step.>’ Sox-
9 labeling (brown, represented in darker shades of grey
within cells nuclei) was mainly nuclear and predominantly
expressed in MSC and NC pellets at earlier time points (day
14) when y-PGA was present (Fig. 9a). Aggrecan is the
most abundant proteoglycan in hyaline cartilage, comprising
about 90% of the total proteoglycan content, ™’ and it is
indicative of differentiated chondrocytes.”®°! In the case of
MSCs, aggrecan labeling (brown, represented in darker shades
of grey with pellets ECM) was more intense in the CM +7v-
PGA culture conditions at day 21, and within the pellet regions
with highest sGAG and Col II deposition (Fig. 9b). The
staining was visible in the pericellular space and extracellular
space. With NC pellets (Fig. 10b), the labeling in the extra-
cellular space was more evident for all culture conditions.

Col X1 is a cartilaginous collagenous component (present
in smaller amounts than Col II) that assists in the stabili-
zation of the Col network by forming fibrils with Col II and
interacting with other components of the ECM,”%* particu-
larly at an early stage of fibril formation.®>** The label-
ing (white, Fig. 9c) was mainly retained at the surface of
chondrocytes that were allowed to reconstitute their peri-
cellular matrix in culture. The MSC pellets showed a trend
in Col XI deposition, which was more evident with y-PGA
and after 21 days of culture.
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FIG. 7. Type II collagen

(Col II) deposition (brown,

here represented in darker

shades of grey within pellets

ECM) assessed by immuno- cM
histochemistry (IHC) of par-
affin sections of MSC pellets
cultured for (A) 14, and (B)
21 days in the three culture
conditions tested: BM, CM,
or CM supplemented with
v-PGA (CM +v-PGA). One
representative donor of each
cell type is presented here.

CM+y-PGA

middle

periphery

center

For each time point: the first
column presents whole pellet
images (bars represent

500 pm). The three columns
to the right are detailed
images of distinct regions

of the cell pellet: peripheral,
middle, and center of the
pellets. The bars represent
50 um. Black arrows point
to fibrillar Col II. Color CMm
images available online

at www.liebertpub.com/tea

B 21d

CM+y-PGA

Col X is a nonfibrillar and network-forming Col pre-
dominantly found in the calcified zone of cartilage growth
plate.”3® After cell differentiation/redifferentiation into
resting chondrocytes, if chondrogenesis proceeds with mat-
uration toward terminal differentiation (through the process
of endochondral ossification), the chondrocytes become hy-
pertrophic.®”7° Col X has been linked to hypertrophic
chondrocytes."””17* The MSC pellets presented the same
trend as Col XI, aggrecan, Col I, and sSGAG deposition, with
a higher labeling with y-PGA and after 21 days of culture
(Fig. 9d). The NCs also showed Col X accumulation, al-
though it decreased at day 14 for the CM +v-PGA condition
and was absent at day 21 (Fig. 10d).

Col T was used to evaluate chondrocyte dedifferentiation
at the beginning of chondrogenesis,’'*>-"* and/or if the cells
followed endochondral ossification until expression of os-
teoblastic traits.”>’® Both chondroprogenitor cells and os-
teoblasts may produce Col I.”* However, no Col I labeling
(brown, represented by darker shades of grey within pellets
ECM) was seen in any of the culture conditions/time points/
cell types (Figs. 9f and 10f).

Finally, to evaluate the stability of the chondrogenic phe-
notype achieved in the MSCs and NC pellets cultures, von

Kossa staining was performed to determine the presence of a
mineralized matrix (Figs. 9e and 10e). Usually, with this stain
it is possible to visualize calcium deposits as black crystals.
No mineralization could be seen in any of the pellets from
either cell type, which indicates that y-PGA did not induce
ECM mineralization under the culture conditions tested.

Discussion

In this study we have addressed the potential of y-PGA to
promote chondrogenic differentiation of MSCs, redifferentia-
tion of NCs, and its effect on the deposition of cartilaginous
matrix in both MSC and NC cultures. y-PGA is a biocom-
patible and biodegradable polymer, with attractive features
for tissue regeneration, such as hydrophilicity and low-
immunogenicity. '8!

The use of y-PGA for bone and nervous system regen-
eration has already been reported.”>?® However, y-PGA
potential for cartilage regeneration is far from being ex-
plored. Chang et al. developed y-PGA-graft-chondroitin
sulfate-blend-poly(e-caprolactone) scaffolds that were shown
to support rat articular chondrocyte culture for 4 weeks.*?
Prescott patented y-PGA injection for the treatment of
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periphery

middle

center

FIG. 8. Col II deposition
(brown, here represented in
darker shades of grey within
pellets ECM) assessed by
IHC of paraffin-sections of
NC pellets cultured for (A)
14, and (B) 21 days in the
three culture conditions
tested: BM, CM or CM
supplemented with y-PGA
(CM +v-PGA). One repre-
sentative donor of each cell
type is presented here. For

CM+y-PGA

each time point: the first
column presents whole pellet
images (bars represent

500 pm). The three columns
to the right are detailed im-
ages of distinct regions of the
cell pellet: peripheral, middle,
and center of the pellets.

The bars represent 50 um.
Color images available online
at www liebertpub.com/tea

degenerative joint diseases.** Nevertheless, none of these
studies has clarified y-PGA potential for the process of
chondrogenesis.

In this study, y-PGA cytotoxicity was first excluded in
both MSCs and NCs; two cell populations of interest for
cartilage regeneration. To achieve this, we used y-PGA
produced and characterized in-house by our group, as pre-
viously described.*

Human neonatal bone marrow-derived MSCs were used
due to their superior proliferation rate and differentiation
capabilities resembling human growth plate cartilage, when
compared to aged adult bone marrow-derived MSC.””"® As
a source of differentiated cartilage cells, NCs were selected
on account of their high degree of proliferation and stability
of hyaline-cartilage phenotype, with increasing capacity for
ECM production.” Although articular chondrocytes are the
most studied chondrocyte source, NCs have the advantage
of being able to be isolated under minimally invasive condi-
tions with reduced site morbidity,>”>”® to be highly prolifer-
ative cells, with elevated and more reproducible chondrogenic
capacity (both in vitro and ectopically in vivo), with in-
creased capacity for ECM production (apparently donor age-

independent’® and not affected by a joint pathological con-
dition).*>*!

The absence of toxic effects in the presence of y-PGA
was in accordance with the previous results observed in
fibroblast cultures carried out in the presence of y-PGA/Ch
multilayered films.*? In the literature, the absence of v-PGA
toxic effects (obtained from another strain, Bacillus liche-
niformis) after repeated injections of this polymer into ro-
dents was also reported.’*!

In 3D pellet cultures, MSCs cultured in the presence of
v-PGA displayed early packing, suggesting earlier cell con-
densation, an essential natural trigger of the chondrogenic
differentiation cascade of events.’® Decreased active TGF-B1
values were measured in the supernatants of chondrogenic
MSCs (day 21) and NCs (days 14 and 21), thus substanti-
ating that the absence of CM delays the initiation of cell
condensation.”> >

MSC chondrogenic differentiation was also analyzed by
the deposition of proteoglycan-rich ECM and Col II, as
typically described.*® The standard chondrogenic recipes
include the use of TGF-[3,3’4’9’60 also present in the CM
cocktail of this study. Nevertheless, under these conditions
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FIG. 9. Paraffin sections of MSC pellets cultured for (A) 14, and (B) 21 days in CM or CM supplemented with y-PGA
(CM +v-PGA) stained for (a) Sox-9, (b) aggrecan, (c¢) Col XI, (d) Col X, (e) calcium salt deposits, and (f) Col L. In all the
conditions tested the detection of Col I by IHC and calcium salt deposits by von Kossa/nuclear fast red histological staining
could not be detected. Representative donors are presented here. For Col XI, bars represent 50 um. For Sox-9, aggrecan, Col
X and Col I, and for the calcium salt deposits, bars of the detailed images of peripheral regions of the pellets represent
50 um, while bars of the inserted whole pellet pictures represent 500 um. Color images available online at www

Jdiebertpub.com/tea

the distribution of SGAGs and Col II was shown to be het-
erogeneous within the pellet, perhaps on account of differ-
ences in oxygen tension and nutrient diffusion throughout
the SpherOidS.SO’S 181 On the other hand, when y-PGA was
supplemented in the culture medium, sGAG and Col II
deposition increased significantly, and both matrix compo-
nents were more evenly distributed within the 3D structures.

Aggrecan and Col XI, other elements of bona fide carti-
lage ECM*7%% shared the same trend, possibly accompa-
nying Col II synthesis and deposition. Aggrecan staining
was visible in the pericellular space, as expected for cultured
pellets,®* although the extracellular space was also stained (a
feature so far only described for cultured cartilage ex-
plants®?); the pericellular labeling of Col XI was also an
expected finding,6>6%:83-84

The early chondrogenic marker, Sox-9, showed a nuclear
staining pattern, as typically observed in normal carti-
lage.®>®® The labeling was more evident at day 14, which
can also be explained by the importance of Sox-9 for the
activation of genes that encode several cartilaginous ECM
proteins (such as COL2A1,*" COLI1A1,”° and ag-
grecan’"), before cartilaginous ECM deposition,*® in addi-
tion to its key role in cell condensation.”” This way, the
occurrence of more intense chondrogenic differentiation
features in the presence of y-PGA and at different stages of
the process can be reinforced, since this labeling (inherently
associated with an early stage of chondrogenesis—cell con-

densation stage) was also accompanied by more intense
staining of alcian blue, Col II, aggrecan, and Col XI.

In the case of NCs, the y-PGA effect was not so evident.
NC pellets were able to synthesize cartilage-committed
matrix even under basal conditions, without chondrogenic
inducers. Although the ECM production increased under
chondrogenic stimulation, no differences were detected after
v-PGA addition. sSGAG distribution was homogeneous from
the periphery of the pellets to their cores. The same was
observed in aggrecan and Col XI deposition. Nevertheless,
Sox-9 labeling was also increased at day 14 in the presence
of y-PGA.

While entering the step of cell maturation toward terminal
differentiation,ﬁ1’67’70 Col X increase in MSCs presents
evidence of cell hypertrophy (Col X is able to differentiate
chondroprogenitor cells from terminally differentiated hy-
pertroghic chondrocytes,®™** as described in the litera-
ture' 7173799394 “although with no mineralization after 21
days of culture.®’”> Moreover, as expected, NC pellets pre-
sented mild Col X accumulation in some pellet regions, but
also did not mineralize.”’ The absence of Col X labeling at
day 21 in pellets cultured with y-PGA-supplemented me-
dium suggests that 7-PGA may prevent cells hypertrophy at
a later stage.

Wang et al.”® observed an inhibition of chondral miner-
alization in organotypic cultured mouse metatarsals in the
presence of exogenous glutamate, while the contrary was
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FIG. 10. Paraffin sections of NC pellets cultured for (A) 14, and (B) 21 days in CM or CM supplemented with y-PGA (CM + y-
PGA) stained for (a) Sox-9, (b) aggrecan, (¢) Col XI, (d) Col X, (e) calcium salt deposits, and (f) Col I. In all the conditions tested
the detection of Col I by IHC and calcium salt deposits by von Kossa/nuclear fast red histological staining could not be detected.
One representative donor is presented here. For Col XI, bars represent 50 um. For Sox-9, aggrecan, Col X, and Col I, and for the
calcium salt deposits, bars of the detailed images of peripheral regions of the pellets represent 50 pm, while bars of the inserted
whole pellet pictures represent 500 pm. Color images available online at www liebertpub.com/tea

observed for those cultured in its absence. This was
achieved by a higher incidence of apoptotic cells. In paral-
lel, it is possible that the hypertrophic cells observed at day
14 have been directed to apoptosis and further hypertrophy
was inhibited, hence the lack of Col X labeling at day 21 in
the presence of y-PGA. Col I labeling, which has typically
been described as being intercellularly located in the pe-
ripheral region of pellets, and accompanied by a cell fibro-
blastic-like morphology,®>' was absent from all pellet
sections, although the periphery of MSC pellets contained
cells with fibroblast-like appearance. This suggests that cell
differentiation/redifferentiation was a success and/or that
cells did not differentiate into osteoblasts.

Overall, the results presented here clearly demonstrate
that y-PGA, as an exogenous agent to the cocktail of
chondrogenic factors, is able to support chondrogenesis at
different stages of the process, whereas such an effect could
not be observed with redifferentiated chondrocytes.

The mechanism of action of y-PGA was not the focus of
attention in this study and remains to be investigated.
Nevertheless, some hypotheses could be formulated, based
on the literature. It is expected that y-PGA might be con-
sumed/degraded, thus generating a glutamate pool able to
activate the glutamate signaling pathway.’® In fact, gluta-
mate signaling has been described in cartilage, namely in
human articular chondrocytes,28 rat costal and articular
chondrocytes,30— 32 and also in mouse and human MSCs.””*°
L-glutamate, but not D-glutamate, suppressed mouse MSC

proliferation and differentiation in 2D without inducing cell
death.”® This differentiation inhibition was observed at the
gene expression level in osteogenesis, but not in adipogen-
esis.”” No data have been published concerning chon-
drogenesis.

The results obtained by us at the protein level for sGAGs,
aggrecan, Col XI, Col II, Col X, and Col I strongly suggest
that y-PGA promotes human MSC chondrogenic differentia-
tion. In mature rat costal chondrocytes, glutamate uptake was
demonstrated to occur via the glutamate aspartate transporter
and glutamate transporter-1.>" Moreover, endogenous glu-
tamate was also shown to have an antiproliferative effect.’!
Nevertheless, the influence of glutamate on the production
of cartilaginous ECM by mature chondrocytes was not ad-
dressed. The results obtained in this study also did not provide
a clear indication for a positive role of y-PGA in NC cultures.

In summary, the potential of y-PGA to support human
MSC chondrogenesis underlies the advantage of applying
this polymer to cartilage regeneration in the future.

Conclusions

v-PGA is a biocompatible and biodegradable polyamino
acid that clearly improved MSC differentiation into the
chondrogenic lineage when used as a supplement in a cul-
ture medium enriched in chondrogenic factors. This effect
was observed by (1) earlier and more marked condensation
of 3D pellet cultures, along with higher expression of Sox-9;
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(2) increased sGAG deposition; and (3) augmented pro-
duction of chondrogenic ECM proteins, such as aggrecan,
Col XI, Col 1II, and Col X. However, a y-PGA effect with
respect to supporting mature cartilage cell (NC) culture was
not evident, since no differences were observed in chon-
drogenic markers when compared with standard CM. As
exceptions, Sox-9 labeling was increased at 2 weeks of
culture, whereas Col X was decreased after 2 weeks and
absent after three. No mineralization was observed in MSC
and NC cultures.

To our knowledge this is the first study demonstrating that
v-PGA promotes MSC chondrogenesis, which can be rele-
vant to exploit the use of y-PGA in cartilage regenerative
strategies in the future.
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