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Abstract

Background: Autologous conditioned serum (ACS) is used to treat osteoarthritis in

horses, although its effects are not fully investigated.

Objectives: To investigate the effects of equine serum and conditioned serum on

chondrocytes stimulated with interleukin (IL)-1β and cartilage explants with mild

osteoarthritis.

Study design: In vitro experimental study.

Methods: The effect of three different serum preparations (unincubated control [PS],

serum incubated 24 h [PS24h] and serum incubated 24 h in ACS containers [PCS])

pooled from lame horses were tested in two in vitro models. IL-1β and IL-1 receptor

antagonist (IL-1Ra) concentrations were measured in all sera. In model 1, chondrocyte

pellet cultures were stimulated with IL-1β prior to treatment with the serum

preparations for 2 and 48 h. Microarray, polymerase chain reaction, and matrix

metallopeptidase-13 analyses were performed. In model 2, cartilage explants from

horses with structural osteoarthritis were treated with PS or PCS on days 0, 6 and

12, or left untreated, and evaluated at day 24 using the OARSI grading scale for his-

tological evaluation of articular cartilage.

Results: The IL-1Ra concentration in PS24h and PCS was significantly higher than in

PS. In model 1, inflammation- and cartilage matrix degradation-related genes were

upregulated after 48 h in all treatment groups versus untreated controls. Cartilage

matrix molecules, aggrecan and collagens, were downregulated in PS24h- and PCS-

treated pellets versus untreated controls. Growth factor signalling genes were

upregulated—FGF7 in all treatment groups, BMP2 in PS24h-, and INHBA in PCS-

treated—compared with untreated controls. In model 2, the OARSI score at day

24 was not significantly different between treatment groups.

Main limitations: Results from in vitro models cannot be directly translated to in vivo

situations.
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Conclusions: In vitro treatment with conditioned serum did not alleviate IL-1β-

induced responses in chondrocyte pellets or lead to morphological improvement in

osteoarthritic cartilage explants.

K E YWORD S

autologous conditioned serum, horse, IL-1 receptor antagonist, inflammation, interleukin 1β,
osteoarthritis

1 | INTRODUCTION

An effective and truly disease-modifying treatment for osteoarthritis

(OA), the most common cause of lameness in horses,1 is still lacking.

One focal point in equine OA research is to block the interleukin (IL)-1

receptor with an IL-1 receptor antagonist (IL-1Ra), aiming to prevent the

driving effects of IL-1β on the OA process.2 Indeed, clinical and histolog-

ical signs of OA improve after intra-articular treatment with IL-1Ra gene

transfer in an experimentally induced OA model.2 Biological treatments

such as autologous conditioned serum (ACS) have been proposed

to have an anti-inflammatory effect through increased expression of

IL-1Ra.3 ACS preparation involves incubation of whole blood in com-

mercial tubes containing glass beads followed by centrifugation and col-

lection of serum, which is then returned to the subject,3,4 and this

method has been used to treat OA in both humans and horses.5,6 Com-

pared with regular serum, ACS has been shown to contain higher levels

of both anti- and pro-inflammatory cytokines as well as growth factors;

however, there are large individual variations in the concentration of

the measured constituents, and the complete composition of ACS is yet

to be determined.3,4,7,8 Clinical effects of ACS treatment in naturally

occurring OA were recently linked to the ACS concentration of IL-1Ra

and insulin growth factor-1 (IGF-1),9 pointing out the previously

reported large inter-individual variations in ACS cytokine and growth

factor content as one of the major drawbacks of its clinical use.4,7

Although the scientific knowledge regarding ACS is growing, its effects

on articular cartilage remain poorly understood.3,4,7,8 Moreover, previous

studies have demonstrated increased levels of cytokines and growth factors

in equine serum incubated in regular red-top tubes, even exceeding IL-1Ra

levels found in ACS prepared in specialised ACS containers.4,7,9

In this study, we aimed to investigate the effects of ACS and

equine serum on IL-1β stimulated equine chondrocyte pellets (model

1) and cartilage explants (model 2) from joints with structural OA. We

hypothesised that treatment with incubated and conditioned serum in

model 1 would upregulate growth factor genes and downregulate

inflammatory genes. In model 2, we hypothesised that treatment with

conditioned serum would improve histological scores of OA.

2 | MATERIALS AND METHODS

2.1 | Serum collection and processing

The effect of three different serum preparations was tested in two sepa-

rate in vitro models. For the chondrocyte pellet culture model (model 1),

serum was obtained from a mixed sex (three mares and two geldings)

cohort including five client-owned horses (4–22 years of age; mean age

12 years) which were deemed healthy but lame based on a thorough

clinical examination. Lameness was located to one or more joints with

the use of intra-articular diagnostic anaesthesia (defined as a ≥80%

reduction in lameness post anaesthesia). The horses had not received

any systemic medication in the last 6 months prior to sampling. Samples

were collected after obtaining informed written consent from horse

owners. Blood was aseptically drawn into serum tubes (Greiner Bio-One

GmbH), left to clot at room temperature (20–22�C) for 1 h before centri-

fugation (unincubated control), aseptically drawn into serum tubes

(Greiner Bio-One GmbH) and incubated for 24 h at 37�C (incubated

serum) or aseptically drawn into commercially available ACS containers

containing borosilicate glass beads (Arthrex VET Systems) and incubated

for 24 h at 37�C (conditioned serum). All samples were centrifuged at

2500�g for 10 min before serum harvesting and filtering through a

0.22 μm filter; samples were stored at �80�C until analysis. The different

serum preparations were pooled from all five horses and referred to as

pooled serum (PS, unincubated control), pooled incubated serum (PS24h)

and pooled conditioned serum (PCS).

For the cartilage explant model (model 2), serum was obtained from

20 client-owned harness racehorses of mixed sex (age 2–7 years, mean

age 5 years) that were deemed healthy but lame (based on a thorough

clinical examination including a comprehensive subjective and objective

work-up, and haematology and serum amyloid A analysis). Included horses

had detectable lameness that could be abolished or significantly improved

with intra-articular anaesthesia. The horses were enrolled in another study,

and additional clinical details including signalment and results from the

lameness work-up are available elsewhere.9 The different serum prepara-

tions were pooled from all 20 horses and PS and PCS were used.

The concentration of IL-1Ra and IL-1β was measured in all individual

and PS samples using Equine IL-Ra DuoSet sandwich ELISA (R&D Sys-

tems) and Equine IL-1β VetSet sandwich ELISA (Kingfisher Biotech Inc.),

respectively; all assays were performed according to the manufacturer's

instructions. Samples were assayed in duplicate on one plate with an

intra-assay coefficient of variation (CV) of 2.5% and 1.5%, respectively.

For both cytokines, the lower limit of quantification was 0.31 ng/ml.

2.2 | Chondrocyte pellet culture (model 1)

Macroscopically normal, full-thickness cartilage was aseptically harves-

ted from the radial facet of the third carpal bone from five non-lame

2 LÖFGREN ET AL.



Icelandic horses (mixed sex [three mares and two stallions], all approxi-

mately 30 months old) immediately after euthanasia as a part of a

slaughter cohort in another study.10 Isolation, expansion and 3D pellet

chondrocyte culturing were performed as previously described.11 In

brief, cartilage was mechanically minced and digested by type II collage-

nase 0.8 mg/ml (Worthington Biochemicals) for 20–24 h at 37�C in 7%

CO2. Chondrocytes were thereafter grown in monolayer until 80% con-

fluence and thereafter stored in liquid nitrogen until pellet culture. After

thawing, chondrocytes were expanded once before pellet culture,

where 200 000 cells were seeded in the wells of flat bottom 96-well

culture plates (Corning Life Sciences) to form 3D pellet cultures. After

14 days of culturing at 37�C in 7% CO2 with pellet medium changed

every second day, the cultures were stimulated for 48 h at 37�C with

pellet medium (unstimulated controls) or pellet medium containing

5 ng/ml recombinant equine IL-1β (R&D Systems; stimulated cultures;

Figure 1), which previously has been shown to induce a catabolic

response in pellet cultures.11

After 48 h of stimulation, the medium was replaced with fresh pel-

let medium for unstimulated controls, whereas stimulated cultures were

divided into four treatment groups as illustrated in Figure 1 and treated

with 5 ng/ml IL-1β (concentration in total treatment volume) either

alone (untreated control) or combined with the treatments PS (40%

V/V); PS24h (40% V/V), or PCS (40% V/V); cultures were incubated at

37�C until harvesting at 2 and 48 h post treatment. At harvesting, the

pellets were washed in phosphate buffered saline, snap frozen in liquid

nitrogen and stored at �80�C for gene expression analysis. The super-

natant pellet media were centrifuged at 200�g for 5 min to remove cell

debris and stored at �80�C for further analysis.

To confirm induction of inflammation, matrix metallopeptidase-

13 (MMP-13) was measured in pellet medium using Fluorokine E

Human Active MMP-13 Fluorescent Assay (R&D Systems); analyses

were performed according to the manufacturer's instructions. p-Ami-

nophenylmercuric acetate was used to activate any potentially active

forms of MMP-13. The samples were assayed in duplicate, and sam-

ples from each horse were run on separate plates with an intra-assay

and inter-assay CV of 4.7% and 6.7%, respectively. The lower limit of

quantification was 0.25 ng/ml.

RNA was isolated from chondrocyte pellets as previously

described.11 The total RNA (100 ng) was used for cDNA synthesis

using a High-Capacity cDNA Reverse Transcription Kit (Applied Bio-

systems) according to the manufacturer's instructions. Quantitative

reverse transcription polymerase chain reaction (qRT-PCR) was

performed on Rotor-Gene 3000 (Corbett Research) using TaqMan

Gene Expression Assays (Applied Biosystems) for aggrecan

(ACAN; Ec03469667_m1) and collagen type II alpha 1 (COL2A1;

Ec03467378_m1) and TaqMan Gene Expression Master Mix

(Applied Biosystems) according to the manufacturer's instructions.

Relative gene expression was determined using the 2�(ΔΔct)

method.12 Two reference genes, glucuronidase beta (forward primer,

50-GTGACCAACTCCAACTATGAAGCA-30; reverse primer, 50-AGGAGTA

GTAACTATTCACACAGATGACA-30; probe, 6-carboxyfluorescein-CAT-

ATGGCGCCCCTAGGTC-dihydrocyclopyrroloindole tripeptide minor

groove binder, Custom TaqMan Gene Expression Assays, Applied Bio-

systems) and hypoxanthine phosphoribosyltransferase 1 (Ec03470217_m1,

TaqMan Gene Expression Assays, Applied Biosystems), were selected

for the normalisation of target gene expression after evaluating reference

genes using GenEx Enterprise 5.2.3.13 data analysis software (MultiD

analyses).

The total RNA (100 ng) isolated from chondrocyte pellets was also

subjected to microarray analysis, with a single replicate from each horse.

The RNA was used to generate and amplify biotinylated sense-strand

cDNA from the entire expressed genome using the GeneChip WT PLUS

Reagent Kit (Affymetrix Inc.). GeneChip Equine Gene 1.0 ST Arrays

(Affymetrix Inc.) containing 25 923 probe sets were hybridised for 16 h

at 45�C and rotated at 60 rpm. The arrays were washed and stained

using the Fluidics Station 450 (Affymetrix Inc.) per the instructions in

GeneChip Expression Wash, Stain and Scan Manual P/N 702731 Rev

3 (Affymetrix Inc.) and finally scanned using the GeneChip Scanner

3000 7G (Affymetrix Inc.). Of special interest were genes involved in

inflammation, genes involved in cartilage matrix organisation and growth

factor genes.

2.3 | Cartilage explant (model 2)

Articular cartilage from the lateral and medial third metacarpal condyle

was aseptically harvested from seven horses (age 7–16 years) at a

local abattoir within 5 h of death; the included horses had macro-

scopic evidence of mild metacarpophalangeal joint OA characterised

by the presence of wear lines, erosions, and palmar arthrosis (total

OARSI score ≤2 for any variable).13 Explants of non-calcified articular

cartilage were harvested from each joint using a 5 mm biopsy punch;

tissues from each horse were run as separate explant replicates

throughout the experiment. Three explants from each joint were cut

into six segments each and allowed to recover for 48 h in culture

medium containing DMEM (5 mM glucose), bovine serum albumin

(0.1 mg/ml) and ascorbic acid (0.1 mg/ml). Six of the 18 segments

from each horse were evaluated by light microscopy at day 0 as

described below. Twelve segments were used for culturing experi-

ments: four were left untreated (culture media), four were treated

with PS (40% V/V), and four with PCS (40% V/V); culture media were

changed every third day with the addition of PS or PCS on days 0, 6

and 12 until harvesting on day 24, when the explants were processed

for histological analysis. The explants were fixed in 10% neutral buff-

ered formalin for 48 h, dehydrated, and embedded in paraffin. Tissue

sections (4 μm thickness) were stained with haematoxylin and eosin

(H&E) and 0.1% aqueous safranin-O, and counterstained with 0.1%

aqueous fast green (SOFG). The sections were evaluated by a board-

certified pathologist (S.E.) blinded to the treatment groups, and scored

according to the OARSI grading scale for histological evaluation of

articular cartilage.13 In brief, this grading scale is based on evaluating

each of the following parameters on a 0–4 scale (0= normal; 4=worst

possible change): chondrocyte necrosis, chondrone formation, fibrilla-

tion/fissuring, focal cell loss and SOFG stain uptake.
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2.4 | Data analyses

2.4.1 | Analysis of cytokine data, MMP-13 in
culture media and qRT PCR of gene expression in
pellets (model 1)

Cytokine data (concentration of IL-1Ra and IL-1β) were analysed as a

one-factor randomised block experiment14 with “horse” as a block using

the Mixed procedure in the SAS package according to the SAS/Stat User's

Guide Version 9.4. (SAS Institute Inc.). Multiple comparisons were

adjusted for multiplicity using Tukey's method. The concentration of

MMP-13 and the qRT-PCR data were analysed using a repeated-

measures mixed model15 and the mixed procedure in SAS software (SAS

Institute Inc.). The fixed part of the model included treatment, time and

the interaction between them. Relationships between observations within

units were modelled using a compound symmetric covariance structure.

The assumptions underlying these analyses were checked using diagnos-

tic plots. No apparent deviations from normality or homoscedasticity

were detected. Differences were considered significant at p < 0.05.

2.4.2 | Microarray data analysis (model 1)

Controls were evaluated and raw data from the microarray analyses

were normalised in an Expression Console (Affymetrix Inc.) using the

F IGURE 1 In vitro models.
Chondrocyte pellet cultures (model 1):
Serum was collected from five lame
horses and then processed to prepare
serum, incubated serum and conditioned
serum (CS); serum from these horses were
pooled into pooled serum (PS), pooled
serum incubated 24 h (PS24h), or pooled
conditioned serum (PCS). Cartilage

samples from the third carpal bone were
harvested from five non-lame horses at an
abattoir; horses were free of macroscopic
evidence of joint pathology.
Chondrocytes were isolated and
expanded to 3D pellet cultures. The
pellets were pre-stimulated with
interleukin (IL)-1β for 48 h and thereafter
treated PS, PS24h or PCS. Pellets and
culture media were harvested after 2 and
48 h. Gene expression in pellets was
analysed using qRT-PCR and microarray
analysis, and matrixmetallopeptidare-13
levels in culture media were measured.
Cartilage explant culture (model 2): Serum
was collected from 20 lame horses and
thereafter processed to prepare serum
and conditioned serum (CS); serum from
these horses were pooled into PS or PCS
for use in model 2. Cartilage explants
were collected from the third metacarpal
condyle from seven horses with mild
osteoarthritis (OA) sourced from an
abattoir. The explants were allowed to
recover for 48 h in culture medium and
then treated with culture media, PS, or
PCS on days 0, 6 and 12. Explants were
harvested on day 0 and 24 and subjected
to histological analysis.
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robust multi-array average method described previously.16,17 Subse-

quent analyses of gene expression data were performed using the sta-

tistical computing language R (www.r-project.org) and packages

available from the Bioconductor project (www.bioconductor.org). The

differentially expressed genes (DEGs) between untreated controls

(IL-1β-stimulated pellets) and the other groups (unstimulated, IL-1β +

PS, IL-1β + PS24h and IL-1β + PCS) were identified by a paired

empirical Bayes moderated t test using the limma package.18,19 To

address the problem of multiple testing, p values were adjusted using

the Benjamini and Hochberg method.20 Differences between the

groups were considered significant if the logarithmic fold change (log

2 FC) was ≥1 or ≤�1 with adjusted p < 0.05.

2.4.3 | Histological analysis (model 2)

Histological OARSI scores on day 24 were checked for normality

using the D'Agostino–Pearson omnibus test. Differences between

treatment groups on day 24 were evaluated using a repeated-

measures one-way ANOVA with Greenhouse–Geisser correction.

Analyses were performed in GraphPad Prism 9.3.1 (GraphPad Soft-

ware). Data are presented as mean (±SD) and significance was set

at p < 0.05.

3 | RESULTS

3.1 | IL-1Ra and IL-1β concentrations in serum
preparations

In the individual serum samples, IL-1Ra concentration was signifi-

cantly higher in incubated serum (31.1 ± 11.2 ng/ml) versus

conditioned serum (15.8 ± 9.94 ng/ml; p = 0.02), and there was sig-

nificantly higher IL-1Ra concentration in incubated serum and condi-

tioned serum versus unincubated serum (0.412 ± 0.493 ng/ml;

p < 0.001 and p = 0.02, respectively). The IL-1Ra concentration in

the pooled PS, PS24h and PCS samples used for model 1 was 0.4,

36.9 and 12.2 ng/ml, respectively. IL-1β was not detected in

any unincubated or conditioned serum sample; it was, however,

detected in one individual incubated serum sample (7.7 ng/ml) and,

consequently, also in the pooled PS24h sample (1.2 ng/ml).

3.2 | Chondrocyte pellet culture model (model 1)

Stimulation with IL-1β resulted in a significantly higher cell media

MMP-13 concentration at 48 h of stimulation (p = 0.02) versus

unstimulated controls; however, there were no differences between

treatment groups (Table S1). Stimulation with IL-1β also resulted in a

significant reduction in ACAN expression at 2 and 48 h and in COL2A1

expression at 48 h versus unstimulated controls; however, there were

no differences in either gene expression between treatment groups

(Tables 1 and 2).

Evaluation of controls in the Affymetrix Expression Console

(Affymetrix Inc.) indicated successful expression profiling for all sam-

ples included in the microarray analysis. Differential expression of

672 genes at 2 h (Table S2) and 279 genes at 48 h (Table S3) was

found between unstimulated and untreated controls (IL-1β-stimulated

pellets). The number of DEGs in PS-, PS24h- and PCS-treated pellets

compared with that in untreated controls is shown as Venn diagrams

(Figure 2). The DEGs in the treatment groups are listed in Table S4

(upregulated and downregulated after 2 h), Table S5 (upregulated

after 48 h) and Table S6 (downregulated after 48 h).

Compared with untreated controls, IL-6 gene expression was

upregulated after 2 h (Table S4) and 48 h (Table S5), whereas IL-11

gene expression was upregulated after 48 h (Table S5) in all treatment

groups. The chemokine (C-X-C motif) ligand 13 (CXCL13) gene was

upregulated in the PS and PCS versus the untreated controls at 48 h

(Table S5). IL-1 receptor type II (IL-1RII) gene expression was

upregulated in all treatment groups compared with untreated controls

at 48 h (Table S5). Collagen type XI alpha 1 and 2 (COL11A1 and

COL11A2) genes were downregulated at 48 h in pellets treated with

PS24h and PCS versus untreated controls (Table S6). The

metalloproteinase-disintegrin genes ADAMTS1 and ADAMTS5 were

upregulated in all treatment groups at 48 h. Tissue inhibitor

metalloproteinase 3 (TIMP3) expression was upregulated in pellets

treated with PS24h and PCS at 48 h versus untreated controls

(Table S5).

TABLE 1 Gene expression of
aggrecan in unstimulated pellets,
untreated controls (interleukin [IL]-1β-
stimulated pellets) and pellets treated
with addition of pooled serum (PS),
pooled serum incubated for 24 h (PS24h)
or pooled conditioned serum (PCS)
sampled after 2 and 48 h

2 h 48 h

2�(ΔΔct) ± SD p 2�(ΔΔct) ± SD p

Unstimulated control 1.36 ± 1.05 0.01 1.69 ± 1.07 0.008

Untreated control (IL-1β) 0.300 ± 0.170 0.575 ± 0.542

IL-1β + PS 0.424 ± 0.315 0.8 0.266 ± 0.330 0.5

IL-1β + PS24h 0.374 ± 0.263 0.9 0.188 ± 0.172 0.3

IL-1β + PCS 0.284 ± 0.136 0.97 0.151 ± 0.120 0.3

Note: Values are presented as relative gene expression 2�(ΔΔct) ± SD and p values for all groups were

compared against untreated controls at each time point. Results were considered statistically significant

at p < 0.05, n = 5.
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The expression of fibroblast growth factor 7 (FGF7) was

upregulated in all treatment groups versus untreated controls, and

expression of platelet-derived growth factor D (PDGFD) was

upregulated at 48 h in the PS-treated pellets versus untreated controls

(Table S5). Expression of bone morphogenetic protein 2 (BMP2),

growth/differentiation factor-10 (GDF10) and inhibin beta A (INHBA)

were upregulated compared with those in the untreated controls after

48 h in PS24h, PS and PCS, respectively (Table S5). Expression of

inhibin beta E (INHBE) was downregulated in the PS24h and PCS

groups versus untreated controls at 48 h (Table S6).

3.3 | Explant cultures (model 2)

On day 0, the cartilage explants were assigned an overall histological

OARSI score of 9.1 (±2.4). At harvesting at day 24, there were no differ-

ences in histological score between the treatment groups (overall OARSI

score of 8.0 ± 2.4, 8.8 ± 1.8 and 8.5 ± 2.2 for the untreated controls, the

PS-treated explants and the PCS-treated explants, respectively; Table 3).

4 | DISCUSSION

The proposed mechanism of intra-articular treatment with condi-

tioned serum is to reduce the detrimental effects of IL-1β, which is

believed to be the main driver of the OA process. Therefore, we

aimed to investigate whether the incubated serum could decrease or

inhibit IL-1β-induced effects and enhance cartilage regeneration in 3D

chondrocyte pellets. To the best of our knowledge, this study is the

first to use microarrays to measure global gene expression in chondro-

cyte pellets to obtain a broader understanding of genes involved.

Moreover, to assess the potential healing of diseased cartilage, we

evaluated the treatment effects in OA explants.

Cartilage metabolism in healthy cartilage involves a fine balance

between catabolic and anabolic processes. In chondrocyte pellets,

IL-1β stimulation mediates a majority of catabolic events. We identified

genes involved in inflammation among those showing significant differ-

ential expression. Specifically, two cytokines in the IL-6 family (IL-6 and

IL-11) were upregulated in all treatment groups compared with those in

the untreated controls (IL-1β-stimulated pellets). IL-6 is a regulatory

cytokine with dual roles in OA; its effects can be either pro- or anti-

inflammatory.21 IL-6, along with IL-1α, induces collagen release from

cartilage explants,22 and both IL-6 and IL-11 inhibit proteoglycan syn-

thesis in porcine cartilage explants.23 Increased levels of IL-6 have been

observed in human synovial fluid and serum and are suggested to have

a catabolic and inflammatory role in joint tissues via trans-signalling.24

Interestingly, IL-6 prevents proteoglycan destruction in mice,25 whereas

IL-11 has a protective effect in human cartilage.26 Protective effects of

TABLE 2 Gene expression of
collagen type 2 alpha 1 in unstimulated
pellets, untreated controls (interleukin
[IL]-1β-stimulated pellets), and pellets
treated with addition of pooled serum
(PS), pooled serum incubated 24 h
(PS24h), or pooled conditioned serum
(PCS) sampled after 2 and 48 h

2 h 48 h

2�(ΔΔct) ± SD p 2�(ΔΔct) ± SD p

Unstimulated control 0.884 ± 1.02 0.5 1.94 ± 2.93 0.006

Untreated control (IL-1β) 0.416 ± 0.471 0.090 ± 0.098

IL-1β + PS 0.659 ± 0.538 0.7 0.207 ± 0.358 0.9

IL-1β + PS24h 0.652 ± 0.516 0.7 0.144 ± 0.180 0.9

IL-1β + PCS 0.265 ± 0.184 0.8 0.125 ± 0.164 >0.9

Note: Values are presented as relative gene expression 2�(ΔΔct) ± SD and p values for all treatments were

compared against untreated controls at each time point. Results were considered statistically significant

at p < 0.05, n = 5.

F IGURE 2 Differentially expressed genes. Venn diagrams of genes
with significantly different expression in the treated (pooled serum
[PS], pooled serum incubated for 24 h [PS24h] and pooled conditioned
serum [PCS]) pellets compared with those in untreated controls
(interleukin [IL]-1β-stimulated pellets) after 2 and 48 h. Numbers after
arrows pointing upwards indicate the number of upregulated genes and
numbers after arrows pointing downwards indicate the number of
downregulated genes compared with those in untreated controls.
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IL-6 are suggested to be mediated via classical IL-6 signalling.24 Previ-

ous studies of IL-6 stimulated equine 3D chondrocyte pellets show

signs of anabolic activities such as upregulation of GDF5 and chondro-

cyte differentiation.11,27 Although we mainly observed catabolic events

such as increased expression of degrading enzymes in our study, we

cannot make conclusions about the effects of IL-6 signalling. To the

best of our knowledge, the effects of IL-11 have not been studied in

equine cartilage. The expression of IL-11 in IL-1β stimulated equine car-

tilage explants is not different from unstimulated controls.28 Gene

expression of IL-11 has also been studied in equine lamellae and is

increased in a model of laminitis.29

The chemokine CXCL13, upregulated in the PS- and PCS-treated

groups after 48 h in the present study, might contribute to a catabolic

state as it reportedly increases in the synovial fluid of OA patients

with severe cartilage damage, whereas reduced levels are found after

surgery.30,31 IL-1RII serves as an inhibitor of IL-1 signalling,32 and its

increased expression after 48 h of stimulation suggests the potential

of all treatments to reduce IL-1β signalling.

Here, IL-1β stimulation resulted in increased MMP-13 concentra-

tion in the pellet culture media in untreated IL-1β stimulated controls

compared with unstimulated pellets. Treatment with the incubated

sera did not reduce the MMP-13 concentration, suggesting that the

treatments did not inhibit matrix-degrading enzymes at the protein

level in the stimulated chondrocyte pellets. The degradation of pro-

teoglycans, such as aggrecan, followed by degradation of collagens

occurs gradually during OA.33 The reduced expression of ACAN in all

treatment groups and that of COL11A1 and COL11A2 in PS24h- and

PCS-treated pellets indicate a catabolic state, which is corroborated

by increased expression of ADAMTS1 and ADAMTS5 after treatment.

However, the matrix metallopeptidase inhibitor TIMP3, suggested to

protect cartilage,34 was upregulated in PS24h- and PCS-treated

pellets after 48 h.

Among the DEGs that may affect OA, several growth factors

were identified. For example, FGF7, upregulated in all treatment

groups after 48 h compared with IL-1β-stimulated pellets, is thought

to stimulate the proliferation of chondrocytes and aid healing of dam-

aged cartilage.35 Growth factors BMP2, GDF10 and INHBA, involved

in TGF-β signalling,36,37 were also significantly upregulated compared

with IL-1β-stimulated pellets. TGF-β is a potential therapeutic target

in OA treatment because it is involved in the development, growth,

maintenance and repair of articular cartilage.38 TGF-β inhibition is

associated with the degeneration of cartilage and terminal differentia-

tion of chondrocytes.39 The regenerative effects of TGF-β include

chondrocyte differentiation and cartilage formation.38 However,

adverse effects, such as fibrosis and osteophyte formation, have been

associated with TGF-β treatment.39 BMP2 is thought to be involved

TABLE 3 Histological grading of cartilage explants (model 2) at days 0 and 24

Macroscopy:

wear lines,
erosion, palmar arthrosis

Microscopy H&E: Chondrocyte necrosis, chondrone formation, fissuring, focal cell
loss SOFG: Stain uptake

ID Age (years) Sex Day 0 Day 24 control Day 24 PS Day 24 PCS

1 12 Not known 1, 0, 2 H&E 4, 1, 2, 3 = 10 4, 1, 1, 3 = 9 4, 1, 1, 3 = 9 4, 1, 1, 3 = 9

SOFG 1 2 2 2

2 7 Mare 0, 0, 1 H&E 2, 0, 0, 2 = 4 3, 0, 0, 3 = 6 3, 1, 0, 3 = 7 4, 1, 0, 3 = 8

SOFG 1 2 3 4

3 14 Mare 1, 0, 0 H&E 4, 1, 1, 3 = 9 4, 1, 0, 3 = 8 4, 2, 1, 3 = 10 4, 1, 1, 3 = 9

SOFG 1 2 2 3

4A 14 Mare 0, 0, 1 H&E 4, 1, 1, 3 = 9 3, 1, 0, 2 = 6 3, 1, 1, 3 = 8 3, 1, 0, 3 = 7

SOFG 2 3 2 3

4B 14 Mare 1, 2, 2 H&E 4, 2, 2, 3 = 11 4, 3, 2, 2 = 11 4, 3, 1, 3 = 11 4, 3, 1, 3 = 11

SOFG 1 2 3 2

5 8 Gelding 2, 0, 1 H&E 4, 3, 2, 3 = 12 4, 3, 2, 3 = 12 4, 2, 2, 3 = 11 4, 3, 2, 3 = 12

SOFG 3 3 2 2

6 16 Mare 0, 0, 1 H&E 3, 1, 1, 3 = 8 3, 1, 0, 2 = 6 3, 1, 0, 2 = 6 3, 1, 0, 2 = 6

SOFG 1 3 3 2

7 17 Gelding 1, 0, 1 H&E 4, 2, 1, 3 = 10 3, 1, 0, 2 = 6 4, 1, 0, 3 = 8 3, 1, 0, 2 = 6

SOFG 2 3 3 3

Mean H&E 9.1 8 8.8 8.5

Standard deviation H&E 2.4 2.4 1.8 2.2

Note: Explants were treated with control medium, pooled serum (PS) and pooled autologous serum (PCS) on days 0, 6 and 12 and harvested at day 24.

Macroscopic staging of wear lines, erosions and palmar arthrosis; microscopic assessment of chondrocyte necrosis, cluster formation, fissuring and focal cell

loss; and extra cellular matrix staining were performed as previously described11 by haematoxylin & eosin (H&E) and safranin-O fast green (SOFG) staining.
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in cartilage repair because increased proteoglycan synthesis has been

observed after BMP2 stimulation.40 A combination of TGF-β and

BMP2 showed potential to induce a chondrogenic phenotype in mes-

enchymal stem cells.41 Interestingly, TGF-β/BMP signalling reportedly

has both protective and deleterious effects42 and needs to be further

studied in the context of ACS treatment. PDGFD, significantly

upregulated in the PS-treated group, is involved in wound healing and

angiogenesis.43 It reportedly plays a role in rheumatoid arthritis as it

stimulates synovial fibroblast proliferation and MMP-1 expression.44

Thus, the induction of several growth factors may be favourable for

cartilage regeneration.

IL-1Ra is suggested to be a potential anti-inflammatory protein33

and is thought to be the major anti-inflammatory cytokine induced by

the preparation of ACS.3 We observed significantly higher IL-1Ra con-

centration in serum samples incubated for 24 h at 37�C, irrespective

of the presence (ACS) or absence (incubated serum) of borosilicate

glass beads, than in the non-incubated serum sample. These findings

are consistent with those of previous studies, where increased IL-1Ra

level was detected in equine,4,7,45,46 canine47 and human3,8 serum

samples after incubation with or without glass beads for 24 h. Inter-

estingly, the IL-1Ra concentration was significantly higher in the

serum incubated for 24 h (without beads) than in ACS (with beads). A

previous study reported no significant difference in the IL-1Ra con-

centrations between ACS and serum samples incubated for 24 and

36 h from lame or non-lame horses, using a sandwich ELISA specific

for equine IL-1Ra.45 The authors of the study concluded that whole

blood incubation in glass tubes and that using specialised equine com-

mercial ACS kits result in similar concentrations of IL-1Ra. Another

study reported similar results, wherein a comparison of serum samples

collected from non-lame horses before and after castration showed

no significant difference in the IL-1Ra concentration between serum

and ACS samples incubated for 24 h.7 In contrast, significantly higher

IL-1Ra concentrations were found in sera from healthy horses pre-

pared using one commercially available preparation (IRAP II/Arthrex)

than those prepared using another commercial preparation (IRAP/

Orthokine) as well as control serum incubated for 24 h without glass

beads.4 Similarly, the IL-1Ra concentration was significantly higher in

human sera (obtained from healthy volunteer donors) incubated with

3.5 mm polished beads than in sera incubated with beads of other

sizes and non-incubated sera.48 The different results in these studies

may be attributed to the different ACS preparation kits and ELISA

methods used for analysing the IL-1Ra concentration and/or the

clinical status of the horses. Our findings are in accordance with the

previously reported results, suggesting that an increased IL-Ra con-

centration can be achieved by the incubation of whole blood in glass

tubes, even without the use of commercial systems containing glass

beads. Interestingly, the levels of IL-1Ra in ACS vary between the

studies. The levels in our study (15.8 ± 9.94 ng/ml) are comparable to

those of other studies using the same system (ABPS/Arthrex),9,45,49

whereas Hraha et al. reported values approximately 10 times lower4

and Linardi et al. reported a value of 89.9 ± 88.8 ng/ml.46 The high

values in the study by Fjordbakk et al. can be explained by the use of

other commercial systems for ACS preparation.7 Individual differences

in cytokine/growth factor content of the conditioned sera are another

important aspect. Differences in cytokine content have previously been

associated with surgical stress7 indicating the influence of health status.

Notably, a previous study shows no difference in concentration of IL-1Ra,

IL-1β and IGF-1 between ACS preparations from OA and control non-

lame horses.45 Further studies of individual differences in IL-1Ra concen-

tration as well as other components would be of interest to identify indi-

viduals with the potential to produce ACS with beneficial effects. The

wide age range of the horses used for preparation of serum in model

1 (4–22 years) might have influenced the levels in our study, but there

was no clear relation between age and IL-Ra concentration. However, age

might influence other components of the serum and the number of stud-

ied horses were low.

In a previous study, IL-1β-stimulated healthy equine cartilage

co-cultured with synovial explants was treated with ACS for 96 h,

which resulted in significant downregulation of IL-1β in cartilage com-

pared with that after triamcinolone treatment.50 In addition, a trend

toward upregulated IL-10 expression in the synovium and that of type

II collagen and aggrecan expression in the cartilage was observed.50

However, treating the diseased cartilage explants, cultured for

24 days with PS and PCS at days 0, 6 and 12 in the present study, did

not result in increased staining intensity for proteoglycans or changes

in histological grading at day 24 compared with those of the untreated

controls. These results are in accordance with the findings of an

in vivo study,5 reporting a lack of effective treatments for articular

cartilage in equine experimental OA. Differences in treatment results

can be explained by different time points for treatment and analysis.

Our protocol with addition of treatments at days 0, 6 and 12 followed

by evaluation of effects at day 24 was an attempt to mimic in vivo

treatment protocols, where three treatments with 1–2-week intervals

is widely used.9,49 However, Lasarzik et al. suggested that a two-day

interval might be preferable.49 The time points selected for treatment

and analysis in our study is a known weakness of the study, and

response at other time points cannot be ruled out.

Carlson et al. studied the effects of unincubated serum and ACS

on equine chondrocyte pellets, and reported no clear beneficial

effects.51 An important difference from our study was that Carlson

et al. studied blood samples from healthy horses, whereas we evaluated

samples from horses with naturally occurring lameness, mimicking the

real-life situation in which ACS would be used. As joint pathology might

possibly influence ACS content, we chose to use client-owned lame

horses as blood donors for the serum preparations studied. Another dif-

ference was that we pre-treated the chondrocyte pellets with IL-1β to

induce catabolic responses, whereas Carlson et al. simultaneously

treated the pellets with IL-1β and sera. In addition, we used 40% of the

total stimulation volume for PS, PS24h and PCS treatments, a volume

that was calculated to be relevant for in vivo joint treatment, compared

with 10% or 20% of the total stimulation volume used by Carlson et al.

Moreover, we used a lower concentration of recombinant equine IL-1β

(5 ng/ml) compared with 10 ng/ml recombinant human IL-1β used by

Carlson et al. Our rationale for this was that a higher percentage of

serum and ACS combined with a lower concentration of IL-1β would

mimic in vivo conditions and improve the treatment efficacy. However,
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no clear anti-inflammatory effects were observed in our study although

genes with regenerative potential were identified, the expression analy-

sis of genes involved in matrix degradation indicated an increased cata-

bolic state in the chondrocytes treated with PS, PS24h and PCS.

This study had some limitations. The chondrocyte pellets were cul-

tured from healthy horses, and stimulation with IL-1β induced acute

cellular responses, which is not comparable to clinical OA where the

disease process is of low-grade chronic nature. However, our cartilage

explants were harvested from OA joints, representing chronic inflam-

mation. One may also argue that a concentration curve for IL-1β would

have been of value to select an appropriate concentration for the stim-

ulation. Hence, the IL-1β concentration used here may not represent

the concentration in vivo. Measured IL-1β concentrations in OA syno-

vial fluid in vivo is variable, and <2 ng/ml has been measured in human,

porcine and canine samples.52 Mean concentration in equine synovial

fluid was 35.3 pg/ml in mild OA and 329.91 pg/ml in advanced OA.53

Concentrations used for stimulation in vitro is up to 100 ng/ml.52 The

concentration used in our study (5 ng/ml) has previously been observed

to induce a catabolic response in the same 3D pellet culture system.11

It cannot be ruled out that other effects of ACS treatment may be

observed at other concentrations of IL-1β and %V/V serum.

In conclusion, we did not observe any inhibition of IL-1β-induced

responses in 3D chondrocyte pellets or morphological improvement in

OA cartilage explants after PCS treatment. To the best of our knowl-

edge, this is the first study to determine the global expression of genes

involved in inflammation and cartilage matrix degradation in IL-1β stim-

ulated chondrocytes and histological staging of OA cartilage explants to

study the treatment effects of autologous sera. We found that serum

incubated for 24 h contained significantly higher IL-1Ra concentration

than ACS, which questions the reported use of commercial systems to

achieve high levels of IL-1Ra. However, neither PS24h nor PCS showed

any evidence of overall anti-inflammatory effects on the inflamed chon-

drocyte pellets or regeneration in the OA cartilage explants. Hence, the

presented results do not support the disease-modifying properties of

ACS on articular cartilage in vitro. Future studies to determine the effi-

cacy of ACS for the treatment of joint pain and its potential ability to

reduce clinical lameness may be of value.
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