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Abstract

Objective. The aims of the study were to assess the anti-inflammatory properties of platelet-rich plasma (PRP) and investigate
its regenerative potential in osteoarthritic (OA) human chondrocytes. We hypothesized that PRP can modulate the
inflammatory response and stimulate cartilage regeneration. Design. Primary human chondrocytes from OA knees were
treated with manually prepared PRP, after which cell migration and proliferation were assessed. Next, tumor necrosis
factor-o—stimulated chondrocytes were treated with a range of concentrations of PRP. Expression of genes involved in
inflammation and chondrogenesis was determined by real-time polymerase chain reaction. In addition, chondrocytes were
cultured in PRP gels and fibrin gels consisting of increasing concentrations of PRP. The production of cartilage extracellular
matrix (ECM) was assessed. Deposition and release of glycosaminoglycans (GAG) and collagen was quantitatively determined
and visualized by (immuno)histochemistry. Proliferation was assessed by quantitative measurement of DNA. Results.
Both migration and the inflammatory response were altered by PRP, while proliferation was stimulated. Expression of
chondrogenic markers COL2A| and ACAN was downregulated by PRP, independent of PRP concentration. Chondrocytes
cultured in PRP gel for 28 days proliferated significantly more when compared with chondrocytes cultured in fibrin gels.
This effect was dose dependent. Significantly less GAGs and collagen were produced by chondrocytes cultured in PRP gels
when compared with fibrin gels. This was qualitatively confirmed by histology. Conclusions. PRP stimulated chondrocyte
proliferation, but not migration. Also, production of cartilage ECM was strongly downregulated by PRP. Furthermore, PRP
did not act anti-inflammatory on chondrocytes in an in vitro inflammation model.
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the PRP. Injection of PRP in OA could potentially stimulate
regeneration of the cartilage by suppressing the pro-inflam-
matory environment in the joint and stimulate an anabolic
state. Overall, clinical results are presented in a range from
highly positive to highly negative or even considering the
presence of a substantial placebo effect.”!? In basic science,
in vitro studies report on enhancement of chondrogenic dif-
ferentiation of mesenchymal stromal cells (MSCs),"3 and
matrix production by chondrocytes stimulated with PRP.'* In
addition, enhancement of proliferation by PRP has been
described for a range of intra-articular cell types, such as
meniscal cells,' articular chondrocytes,'!® tenocytes,'® and
osteoblasts.?

Moreover, PRP is ideally suited for making a gel rich in
platelets by mimicking physiological blood coagulation. By
activation of the fibrinogen in PRP by either centrifugation
of non-anticoagulated PRP or addition of thrombin and cal-
cium to anticoagulated PRP, a 3-dimensional (3D) platelet-
rich fibrin clot can be created. This allows encapsulation of
primary chondrocytes, comparable to what can be done
with commercially available fibrin glue. This system has
the potential to be used for tissue engineering applications,
or as a biomaterial to, for example, treat focal cartilage
defects in a clinical setting.?"->2

Considering the controversy around the use of PRP and
variety in reported clinical results, the objective of this study
was to study several potential working mechanisms of PRP
with primary OA chondrocytes in vitro in a controlled setting.
We hypothesized that PRP would have an anti-inflammatory,
and migration-stimulating effect on OA chondrocytes and
would be effective in stimulating matrix synthesis by OA
chondrocytes in a 3D PRP gel environment.

Methods

Platelet-Rich Plasma Preparation and
Characterization

Blood was obtained from healthy donors through the Mini
Donor Service of the University Medical Center Utrecht
approved by the medical ethics committee. All donors pro-
vided written informed consent in accordance with the
Declaration of Helsinki and were healthy, and free from
antiplatelet and nonsteroidal anti-inflammatory drugs.
Blood was collected in sterile 9-mL tubes containing 1 mL
3.2% (w/v) sodium citrate. To make PRP, the blood was
centrifuged at 130 X g for 15 minutes, after which the
plasma layer was transferred to a new tube. The plasma was
then centrifuged at 250 X g for 15 minutes and pelleted
platelets were resuspended in one-third of the supernatant
platelet-poor plasma (PPP). Platelet count was measured
using a CELL-DYN Emerald Hematology Analyzer
(Abbott) (n = 9). For further experiments, platelet count
was standardized at 400 X 10°/L by dilution with phosphate

buffered saline free from Ca’?* and Mg?* (PBS0). The con-
centrations of transforming growth factor-f1 (TGF-B1),
platelet-derived growth factor-AB (PDGF-AB), basic fibro-
blast growth factor (bFGF), and vascular endothelial growth
factor (VEGF) were determined using an enzyme-linked
immunosorbent assay (ELISA) according to the manufac-
turer’s instructions (all Duoset ELISA kit, R&D Systems)
(n=Y5).

Chondrocyte Isolation

Human osteoarthritic articular cartilage was obtained from
redundant material after total knee arthroplasty surgery. The
anonymous collection of this material is approved by the
local medical ethics committee (University Medical Center
Utrecht).?* Cartilage was separated from the bone, washed
with PBSO0, and cut into 2-mm pieces using a scalpel. To min-
imize intra- and interdonor variability, all cartilage was
pooled per donor for cell isolation. Chondrocytes were
extracted by exposing the cartilage pieces to 0.15% (w/v)
collagenase II (CLS-2, Worthington, Lakewood, NJ) in
Dulbecco’s modified Eagle medium (DMEM, Gibco, Life
Technologies) supplemented with 10% (v/v) fetal bovine
serum (FBS, Biowest), and penicillin and streptomycin (100
U/mL and 100 pg/mL; 1%) overnight at 37°C on a moving
platform. Isolated cells were expanded at 37°C and 5% CO,
using chondrocyte expansion medium, consisting of DMEM
supplemented with 10% FBS and 1% penicillin/streptomy-
cin. Chondrocytes were used at passage 2, cells from differ-
ent donors were kept separate throughout the experiments.

Proliferation and Migration Assay

Proliferation and migration of chondrocytes on addition of
PRP into the culture medium was assessed using a micro-
wound assay.>>?’ Chondrocytes (n = 2, age range 48-64
years) were seeded in monolayers in 24-well plates using
expansion medium. On confluence, a micro-wound was
created across each well using a sterile 200 pL pipette tip.
Monolayers were washed using PBSO, and treated with
redifferentiation medium (DMEM supplemented with 2%
[v/v] human serum albumin [HSA; Sanquin Blood Supply
Foundation], 2% insulin-transferrin selenium [ITS]-X
[Gibco], 0.2 mM L-ascorbic acid 2-phosphate [ASAP;
Sigma-Aldrich], 100 U/mL penicillin, and 100 pg/mL strep-
tomycin) with respectively 0%, 2%, 5%, 10%, or 20% (v/v)
PRP. All PRP-containing media were supplemented with
3.3 U/mL heparin (Sigma-Aldrich). All medium was sup-
plemented with 10 pM 5-ethylnyl-2'-deoxyuridine (EdU;
Click-iT EdU Alexa Fluor 488 Imaging Kit; Invitrogen).
After 48 hours of incubation at 37°C and 5% CO,, mono-
layers were washed with PBSO and EdU was detected
according to the manufacturer’s instructions. Nuclei were
counterstained with Hoechst. Photographs were taken using
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an inverted fluorescent microscope (1X53; Olympus). Total
migrated cells and proliferated cells in the micro-wound
area were quantified using Image] software via color
thresholding and the “analyze particles” function.

In Vitro Inflammation Assay. Chondrocytes (n = 6, age range
= 48-74 years) were seeded in monolayers at 100,000 cells/
cm? in chondrocyte expansion medium. After 24 hours of
preincubation, monolayers were treated with 10 ng/mL
recombinant human tumor necrosis factor-o. (TNF-a, R&D
Systems) and redifferentiation medium with, respectively,
0%, 2%, 5%, 10%, and 20% (v/v) PRP. Cells were incu-
bated for 48 hours at 37°C and 5% CO, before gene expres-
sion analysis.

Regeneration Assay: Gels with Variable PRP
Concentration

Cells (n = 2 donors, age range = 53-79 years) were cul-
tured in fibrin gels containing increasing concentrations of
PRP. For this purpose, PRP was mixed with 1:15 in PBSO
diluted fibrinogen component (Baxter) in which cells were
resuspended. The commercial fibrinogen was diluted to
match the concentrations within the full range of condi-
tions.?® Gels were made by injecting 50 uL of the mixture
into a 96-well plate well and adding 50 pL 1:50 in PBSO
diluted thrombin component (Baxter) and incubated for 15
minutes at 37°C. This resulted in gels containing 0.25 X 10°
cells per construct with, respectively, 20%, 40%, 50%,
60%, and 80% PRP. Gels were cultured in 24-well plates for
28 days in redifferentiation medium. Medium was changed
twice per week and saved for biochemical analysis.

Regeneration Assay: PRP versus Fibrin Gels

Chondrocytes were equally divided over the PRP and fibrin
gel group. Fibrin gels were made as stated in the previous
section by mixing 50 pL of each diluted component. PRP
gels were made by pipetting 60 uL PRP into a 96-well plate
well, adding 20 pL CaCl, (500 mM in 0.9% NaCl) and 20
pL 1:50 in PBSO diluted thrombin solution (Baxter), and
incubation for 15 minutes at 37°C. This resulted in gels con-
taining 0.25 X 10° chondrocytes (n = 3 donors, age range
= 56-79 years). Gels were cultured in 24-well plates for 28
days using redifferentiation medium. Medium was changed
twice per week and all medium was stored for biochemical
analysis. Control fibrin gels were made by combining 50 pL
1:15 diluted fibrinogen component and 50 pL 1:15 diluted
thrombin component (Baxter).

Real-Time Polymerase Chain Reaction

Total RNA was isolated from monolayers and gels using
TRIzol (Invitrogen) according to the manufacturer’s

instruction. Total RNA (200-500 ng) was reverse-transcribed
using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real-time polymerase chain reac-
tions (PCRs) were performed in a LightCycler 96 (Roche
Diagnostics) using iTaq Universal SYBR Green Supermix
(Bio-Rad) according to the manufacturer’s instructions.
Quantification was performed relative to the levels of the
housekeeping gene 18S. The primer sequences are listed in
Supplementary Table S1.

Biochemical Analysis

Gels were digested in a papain digestion buffer (250 pug/mL
papain; Sigma-Aldrich, 0.2 M NaH,PO,, 0.1 M ethylenedi-
aminetetraacetic acid [EDTA], 0.01 M cysteine, pH 6) at
60°C overnight. Glycosaminoglycan (GAG) content was
measured using a dimethylmethylene blue (DMMB; pH 3)
assay with chondroitin-6-sulfate (Sigma-Aldrich) as a stan-
dard. Absorbance ratio of 525/595 nm was measured using
a spectrophotometer. DNA content in the digests was quan-
tified using a Quant-iT PicoGreen dsDNA assay (Invitrogen)
according to the manufacturer’s instruction. Collagen con-
tent was determined by measuring the hydroxyproline
content®”. Digested samples were lyophilized and hydro-
lyzed in 4 M NaOH (Sigma-Aldrich) in Milli-Q water at
108°C overnight. The next day, samples were neutralized
using 1.4 M citric acid (Sigma-Aldrich) in Milli-Q water,
after which 50 mM freshly prepared Chloramin-T (Merck)
in oxidation buffer was added. Samples were incubated
under agitation for 20 minutes, after which 1.1 M freshly
prepared dimethylaminobenzoaldehyde (Merck) in 25%
(w/v) perchloric acid (Merck) in 2-propanol (Sigma-
Aldrich) was added. After incubation for 20 minutes at
60°C, samples were cooled and absorbance at 570 nm was
measured using hydroxyproline (Merck) as a standard.

Histological Analysis

Gels were fixed using 3.7% formalin, dehydrated through
graded alcohol steps, immersed in xylene, and embedded
in paraffin. Sections of 5 um were cut and deparaffinized
and rehydrated before staining. Proteoglycans were stained
using 0.125% (w/v) safranin-O (Merck; counterstained
with 0.4% fast green [Sigma-Aldrich] and Weigert’s hema-
toxylin [Clin-Tech]). Type I and II collagen deposition was
visualized by immunohistochemistry. Sections were
blocked with 0.3% H,O,, followed by antigen retrieval
with pronase (1 mg/mL; Sigma-Aldrich) for 30 minutes at
37°C and hyaluronidase (10 mg/mL; Sigma-Aldrich) for
30 minutes at 37°C. Sections were blocked using bovine
serum albumin (BSA; 5% [w/v] in PBS) for 30 minutes,
followed by overnight incubation at 4°C with the primary
antibody for either type I collagen (EPR7785, BioConnect;
1:400 in PBS/BSA 5%) or type II collagen (II-116B3;
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DHSB, 1:100 in PBS/BSA 5%). Sections were washed,
then incubated with an HRP-conjugated anti-rabbit or anti-
mouse secondary antibody for 1 hour at room temperature,
after which the staining was developed using 3,3’-diamino-
benzidine (DAB, Sigma-Aldrich). Sections were counter-
stained using Mayer’s hematoxylin (Klinipath).

Statistical Analysis

Data were analyzed using the GraphPad Prism 7.0 software
package (GraphPad Software). Comparisons between
groups were performed by paired and unpaired 2-sided
Student ¢ tests and 1-way analysis of variance (ANOVA)
with a Tukey post hoc test. A P value of <0.05 was consid-
ered statistically significant.

Results

Manually Prepared Platelet-Rich Plasma Is
Depleted from Leukocytes and Rich in Growth
Factors

PRP was prepared from citrated blood of nine donors. Cell
and platelet counts were measured and revealed a significant
decrease in the number of leukocytes (0.3 = 0.1 X 10%/L vs.
5.5+ 1.4 X 10°/L, P < 0.001) and erythrocytes (0.02 = 0.01
X 10'%/Lvs. 4.0 = 0.4 X 10'?/L, P < 0.001) in all PRP sam-
ples compared with whole blood samples of the same donors.
Platelet count was significantly increased after PRP prepara-
tion (458 =+ 245 X 10%/L vs. 207 £ 74 X 10°/L, P = 0.006).
Increase in platelet count varied from 1.0- to 3.0-fold (Table
1). Quantification of growth factors by ELISA revealed man-
ually prepared PRP contains high amounts of TGF-31 (60234
*+ 23499 pg/mL) and PDGF-AB (21163 = 6399 pg/mL) and
lower concentrations of bFGF (20.4 = 8.8 pg/mL) and VEGF
(83.5 = 44.1 pg/mL) (Fig. 1).

Platelet-Rich Plasma Stimulates Chondrocyte
Proliferation, but Not Migration

Migration of chondrocytes into a micro-wound created in a
monolayer using different concentrations of PRP was com-
pared after 48 hours (Fig. 2A-C). Quantification of cells
migrated into the micro-wound area revealed no differences
in groups containing PRP versus control group. On the con-
trary, proliferation of chondrocytes was significantly
increased when micro-wounds were treated with 20% PRP
(Fig. 2D).

Platelet-Rich Plasma Does Not Inhibit an
Inflammatory Response in Chondrocytes

PRP was not able to inhibit the inflammatory response of
chondrocytes after stimulation with TNF-o.. Expression of

Table I. Cell Count in Manually Prepared Platelet-Rich Plasma
(PRP).2

Whole blood PRP P
Leukocytes (X 10%/L) 55+ 14 0.3 = 0.1 <0.001
Erythrocytes (X 10'%/L) 40=*+04 0.02 =00l <0.00l
Platelets (X 10%/L) 207 = 74 458 + 245 0.006

*Leukocyte, erythrocyte, and platelet concentrations in whole blood and
PRP after the double centrifugation protocol. Data are shown as mean
+ SD.

OA-associated inflammation markers cyclooxygenase-2
(COX2, also known as prostaglandin-endoperoxide syn-
thase 2 [PTGS2]), prostaglandin E synthase (PTGES), and
interleukin 17 (IL17) was significantly upregulated when
chondrocytes were treated with TNF-a.. Addition of PRP to
the medium was ineffective to reduce gene expression of
these markers. Expression of interleukin 6 (IL6) and C-C
motif chemokine ligand 20 (CCL20), other important play-
ers in OA, seemed to be downregulated dose dependently.
However, this decrease was not found to be statistically sig-
nificant. Expression of interleukin 1B (IL1B) was upregu-
lated in a dose-dependent manner on addition of PRP. Two
of the most important markers for chondrogenesis, collagen
type II alpha 1 chain (COL2A1) and aggrecan (ACAN),
were significantly downregulated in inflamed chondro-
cytes. Addition of PRP to these monolayers could not
recover this gene expression (Fig. 3).

No Dose-Dependent Regenerative Effect in Gels
with Variable Platelet-Rich Plasma Concentration

Biochemical analysis of PRP-enriched fibrin gels revealed
a stimulatory effect of PRP on the production of GAGs
deposited within the gels by chondrocytes. This pattern was
not found in GAG release from these gels. Similar to an
increase in absolute GAG content, the amount of DNA in
PRP-enriched gels was also elevated. The production of
GAGs corrected for the amount of DNA in the gels was
significantly decreased in PRP-containing gels (Fig. 4).

Inhibition of Chondrogenic Potential of
Chondrocytes in Platelet-Rich Plasma Gels versus
Fibrin Gels

To assess the capacity of PRP to be used as a stand-alone
biomaterial for cartilage tissue engineering, a PRP gel was
made in which chondrocytes were encapsulated. Safranin-O
staining revealed considerable amounts of GAGs produced
by chondrocytes encapsulated in commercial fibrin gel.
Morphology of chondrocytes in PRP gel was similar to that
of cells cultured in fibrin gel. The chondrocytes exhibited a
round morphology and seem to reside in lacunae, typical for
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Figure |. Growth factor concentrations in manually prepared platelet-rich plasma. Quantification of growth factors TGF-f1, PDGF-
AB, bFGF, and VEGF in platelet-rich plasma (PRP) and platelet-poor plasma (PPP) of healthy human donors (n = 5), measured by
enzyme-linked immunosorbent assay (ELISA). TGF-B1, transforming growth factor-f3 |; PDGF-AB, platelet-derived growth factor-AB;
bFGF, basic fibroblast growth factor; VEGF, vascular endothelial growth factor.

hyaline cartilage (Supplementary Figure S1). Production of
GAGs in PRP-based gel was absent (Fig. SA). Biochemical
quantification of the gels confirmed a significantly lower
relative production of GAGs in PRP gels, as seen both in
GAG content as well as in GAG release into the culture
medium (Fig. 5B). Quantification of the amount of DNA in
the gels revealed a significant increase in DNA in PRP gels
over the culture period of 28 days when compared with
fibrin gels (Fig. 5C). When looking at the production of
collagen in these gels, a similar pattern was seen. No posi-
tive staining for type II collagen, a major component of hya-
line cartilage, could be observed in PRP gels, while this was
observed in fibrin gels. No distinguishable differences were
found in the production of type I collagen, an indicator for
fibrocartilage (Fig. 6A). In addition, total collagen content
was significantly lower in PRP gels compared with fibrin
gels (Fig. 6B).

Discussion

PRP is an appealing product that is widely applied to treat
orthopedic conditions. Positive outcomes are attributed to
the high concentrations of growth factors and anti-inflam-
matory components in PRP. Nonetheless, other studies
report on negative results and consensus has not been
reached. Proper understanding of the mechanism of action
of PRP in the osteoarthritic joint is desired. The current
study attempted to elucidate the effects of PRP specifically
on chondrocytes in an in vitro controlled setting.

In this study, we used manually prepared, pooled human
PRP which was deprived of leukocytes. It therefore can be
defined as leukocyte-poor (LP-)PRP. LP-PRP generally con-
tains a smaller amount of platelets®®3' compared with leukocyte-
rich (LR-)PRP, which results in a lower concentration of growth
factors.3!*? Substantial evidence showing lower concentrations

of growth factors can negatively influence outcome in OA does
not exist. For that reason, it cannot be concluded whether a cer-
tain preparation method produces qualitatively better PRP for
the treatment of OA. There is a great lack of randomized con-
trolled trials directly comparing LR- and LP-PRP. Just one study
made a direct comparison in a clinical setting®® comparing sin-
gle spin and double spin PRP. Double spin PRP was shown to
have a 1.4 times increase in leukocyte compared with whole
blood. The authors reported on initially more pain and swelling
in the group that received LR-PRP, but no difference in long-
term outcome. /n vitro evidence shows a more pro-inflamma-
tory environment when LR-PRP is used.**

We found that our PRP stimulated proliferation of OA
chondrocytes in vitro both in a 2D as well as in a 3D set-
ting. The general opinion is that PRP and PRP derivatives
like platelet lysate stimulate proliferation of a variety of
cell types. Many studies looked into the effects of PRP on
MSCs derived from various sources,>>*® where all studies
report on increased proliferation when PRP was com-
pared with conventional culture medium. Likewise, stud-
ies describing cell types derived from other tissues in the
knee also report on increased proliferation.'®3%3%-4! [t is
important to highlight our study found increased prolif-
eration only in the case where 20% PRP was added to the
culture medium. Growth factor concentrations in this
experimental condition are most likely much higher than
when PRP is used in a clinical setting for intra-articular
injections. Although stimulation of migration by PRP has
been previously reported on in MSCs and other chondro-
progenitor cells, 44 we did not confirm this for OA
chondrocytes in our micro-wound setup. It was expected
that the high concentrations of chemoattractants in PRP
could have promoted migration similar to a report on cell
outgrowth from pieces of cartilage cultured in a gel contain-
ing PRP.#
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Figure 2. Migration and proliferation of chondrocytes into a micro-wound. Representative brightfield microscopy photographs of
a micro-wound created in a chondrocyte monolayer at TOh (A), T48h (B), and fluorescent microscopy photograph at T48h (C).
Scale bar = 200 pm. Migration and proliferation of chondrocytes into a micro-wound as quantified by amount of cells relative to
the amounts in the control group (D). Migrated cells were quantified using Hoechst staining, proliferated cells by 5-ethylnyl-2X-

deoxyuridine (EdU). Data are shown as mean * SD. *P < 0.05.

Another key finding of the current study is that our PRP
was unable to inhibit the inflammatory response in OA
chondrocytes in an in vitro inflammation model. Some of
the most important markers expressed by OA chondrocytes
in OA are COX2 and PTGES. Both are involved in the syn-
thesis of prostaglandin E, an important pro-inflammatory
marker in OA.***7 We found that PRP had an inconsistent
effect on the gene expression of COX2. The elevated

expression of PTGES in inflamed chondrocytes could nei-
ther be reduced by PRP. We also showed that PRP was
unable to downregulate the expression of cytokine IL6 and
chemokine CCL20, both involved in the progression of
OA.*%% Both TNF-a. and PRP were unable to alter the
expression of IL17. Interestingly, the increased expression
of IL1B on stimulation of the cells with TNF-a was not
downregulated by PRP. On the contrary, ILIB was
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Figure 3. Gene expression on inflammation. Gene expression of chondrocyte monolayers as measured by real-time polymerase
chain reaction. Monolayers were stimulated with 10 ng/mL TNF-o and PRP for 48 hours. Gene expression was normalized for 18S.
Data are presented as fold changes relative to the TNF-a stimulated control group and shown as mean = SD. **P < 0.001, *#p <
0.0001. PRP, platelet-rich plasma; TNF-a, tumor necrosis factor-o;; COX2, cyclooxygenase 2; PTGES, prostaglandin E synthase; IL17,
interleukin 17; IL6, interleukin 6; CCL20, C-C motif chemokine ligand 20; ILIB, interleukin 1B; COL2AI, collagen type Il alpha | chain;

ACAN, aggrecan.

increasingly expressed in a dose-dependent manner on
treatment with PRP. The striking increase in gene expres-
sion of IL1B might be caused by positive feedback loops
induced through production of other cytokines.*®*° This is
contradictory to previously found anti-inflammatory prop-
erties attributed to PRP.3! The in vitro system presented in
this study only included cartilage cells, making a translation

to the clinical situation difficult. Other tissues, like the
synovium, have been shown to be a very important partici-
pant in the inflammatory response in OA. The step toward
animal models and clinical studies is necessary to shed light
on the effects of PRP on inflammation of the whole joint
environment.
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Figure 4. Cartilage matrix production in fibrin gel enriched with platelet-rich plasma (PRP). Quantification of glycosaminoglycan
(GAG) and DNA contents in PRP-enriched fibrin gels by chondrocytes. Release of GAGs into the culture medium was additionally
quantified. Data are presented as mean * SD and as fold changes relative to the control group devoid of PRP. *P < 0.05, **P < 0.01.

In this study, we additionally investigated the potential
of PRP-incorporation in a commercial fibrin gel to stimu-
late cartilage regeneration. We report that incorporation of
PRP leads to an increase in GAG content, independent of
the concentration of PRP added. At the same time, an
increase in the amount of DNA was found on addition of
PRP into the gel, suggesting either an increase in prolifera-
tion or a reduction in cell death as compared with the con-
trol gels consisting of fibrin alone. Yet, the relative GAG
production in PRP-supplemented gels greatly decreased,
suggesting a strong inhibition of GAG formation by the
cells in these gels. Our study is the first to incorporate dif-
ferent concentrations of PRP into a fibrin gel seeded with
human OA chondrocytes. Other tissue engineering
approaches where PRP is incorporated in other types of
hydrogels, like an in situ photo-crosslinkable hydrogel®?
and an injectable PRP-containing gel report on a chondro-
genic effect of PRP, although both studies mentioned use
MSCs.

To the best of our knowledge, our study is one of the first
assessing cartilage matrix production of human OA

chondrocytes in a hydrogel consisting purely of PRP.
Despite a high concentration of TGF-1 in our PRP, we
found an evident inhibition of cartilage-like matrix forma-
tion, while desirable production of GAGs and type II col-
lagen was seen in commercial fibrin gel. The biochemical
data was supported by a clear absence of positive histologi-
cal staining for safranin-O and type II collagen, where fibrin
gels were evidently positive for both stainings. While in an
unaffected joint TGF-f maintains a healthy chondrocyte
phenotype,>* a high concentration of TGF-B in the OA knee
joint can accelerate cartilage damage.”> As PRP continu-
ously releases growth factors, including TGF-f3, for at least
6 days, the situation in the PRP gel presented in the cur-
rent study would correspond to an ongoing diseased state.
In vivo, this can lead to progression of OA, synovial fibro-
sis, and development of osteophytes.>’

Again, we observed an evident increase in cell prolifera-
tion in chondrocytes cultured in the presence of high con-
centrations of PRP. The only study carrying out a similar
approach as we did, also shows an inferior effect of PRP
when compared with fibrin gel.?! A minimal amount of
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Figure 5. Proteoglycan production and proliferation in platelet-rich plasma (PRP) gel. Proteoglycans were visualized in PRP gels

as well as control fibrin gels by safranin-O staining. Scale bar = 200 um (A). Quantification of data presented in A. Production of
glycosaminoglycans (GAGs) was normalized for DNA content and presented as fold change to the fibrin gel control group. Data are
shown as mean * SD. ***P < 0.0001 (B). Increase in DNA content in fibrin and PRP gels over the culture period of 28 days. Data

are depicted as mean = SD. **P < 0.001 (C).

studies have looked into the behavior of cells of other spe-
cies in a PRP gel.*®* While both studies report an increase
in proliferation of the cells, their results on cartilage matrix
production contradict. What specifically happens to the
chondrocytes in PRP gel remains inconclusive. Although
we see a similar cell morphology in fibrin and PRP gel, their
capacity of forming cartilage-like matrix is evidently
impaired. In addition, it should be noted that all experi-
ments in the current study were performed with chondro-
cytes isolated from redundant material from OA donors.
The conclusions are therefore limited to the cell origin and
interpretation and extrapolation to other cell types or dis-
ease states should therefore be handled with care. Evidently,
more and extensive research is needed to determine whether

PRP is a suitable candidate to be used as a novel autologous
scaffold for cartilage tissue engineering.

Discrepancies between studies remain a major problem
in PRP research. Preparation methods vary greatly, and the
majority of studies fail to report on characterization of their
PRP.° Variations in growth factor content and concentra-
tions, as well as the presence of leukocytes may alter out-
comes drastically. Also, inconsistencies remain between in
vitro studies and clinical outcomes when PRP is used for the
treatment of OA. It is crucial to consider the complexity of
the articular joint and the tissues involved in the progression
of OA. This illustrates the importance to move toward more
complex culture systems, preferably using tissue explants in
coculture to have a closer resemblance of the human joint.
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Figure 6. Collagen production in platelet-rich plasma (PRP) gel. Visualization of type Il and type | collagen production in fibrin and
PRP gels by immunohistochemistry. Scale bar = 200 pm (A). Total collagen was quantified and normalized for DNA content in the
gels. Data are presented as fold change to the fibrin gel group and shown as mean = SD. **P < 0.01 (B).

In conclusion, the data presented here show absence of
an anti-inflammatory effect of PRP on OA chondrocytes.
Besides, PRP fails to stimulate OA chondrocytes into pro-
ducing hyaline cartilage matrix in vitro. In addition, a pro-
nounced stimulation of chondrocyte proliferation was seen
both in cell expansion as well as in 3D cultures.
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