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Abstract

To determine the transcriptional profile of synovium during the molecular phase of post-traumatic
osteoarthritis, anterior cruciate ligament transections (ACL) were performed in 36 Yucatan
minipigs. Equal numbers were randomly assigned to no further treatment, ACL reconstruction or
repair. Perimeniscal synovium for histopathology and RNA-sequencing was harvested at 1 and 4
weeks post-operatively and from 6 healthy control animals. Microscopic synovitis scores
significantly worsened at 1 (p<0.001) and 4 weeks (p=0.003) post-surgery relative to controls, and
were driven by intimal hyperplasia and increased stromal cellularity without inflammatory
infiltrates. Synovitis scores were similar between no treatment, reconstruction and repair groups
(p=.668). Relative to no treatment at 1 week, 88 and 367 genes were differentially expressed in the
reconstruction and repair groups, respectively (227 and 277 at 4 weeks). Relative to controls and
with the treatment groups pooled, 1683 transcripts were concordantly differentially expressed
throughout the post-surgery time-course. Affected pathways included, Proteolysis Connective
tissue degradation (including upregulations of protease-encoding MMPI1, MMP13, and
ADAMTS4), and Development Cartilage development (including upregulations of ACAN, SOX9
and RUNXZ2), amongst others. Using linear regression, significant associations of post-surgery
synovial expression levels of 20 genes with the articular cartilage glycosaminoglycan loss were
identified. These genes were predominantly related to Embryonic skeletal system development and
included RUNXZ. In conclusion, this study confirmed an increased synovial expression of genes
that may serve as targets to prevent cartilage degradation, including MMP1, MMPI13, and
ADAMTS4, in knees with microscopic synovitis and cartilage proteoglycan loss. Attractive novel
targets include regulators of embryonic developmental processes in synovium.
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Introduction

Synovitis has been linked to symptoms and structural severity of knee osteoarthritis (OA)1:2,
The link between synovitis and OA has been established in-vitro3 and clinically2. From early
organ culture experiments, Fell and Jubb concluded that “the synovium has a direct,
presumably enzymatic action on the cartilage matrix, and an indirect effect mediated
through the chondrocytes”3. While synovitis is a common feature of idiopathic OA%, it also
occurs following acute knee injury®>—8. Given the association between synovitis and cartilage
loss, therapies that target synovitis soon after injury may potentially modulate symptoms and
the structural progression of the disease®-11.

The matrix metalloproteinases (MMPs) are thought to play a significant role in cartilage
breakdown in both early and late stage osteoarthritis. MMP-1, -8, -13 and -14 have been
implicated, with MMP-13 thought to be the most critical player'2-14, Studies have
demonstrated that mice lacking MMP-13 were protected from cartilage damage following
surgical induction of OA, likely due to reduced type Il collagen proteolysist4. Aggrecan,
another major structural protein of cartilage, is also cleaved by proteinases in the “A
Disintegrin and Metalloproteinase with Thrombospondin motifs” (ADAMTS) family°.
While there has been interest in MMP and ADAMTS expression in chondrocytes?s; little is
known about the expression of these genes in the synovium in early post-traumatic OA.

Using a porcine model, we recently reported the transcriptional and histologic response of
chondrocytes and articular cartilage to the surgical induction of OA, in which microscopic
cartilage damage was observed at 1 and 4 weeks after anterior cruciate ligament (ACL)
surgery when compared to healthy cartilage from uninjured control animals!®. From the
same animals, we obtained synovium samples, and performed microscopic synovitis scoring
and RNA-sequencing (RNA-seq) to define the response of the synovium to the surgical
induction of OA. We hypothesized that microscopic synovitis would develop and that
concomitant changes in synovial gene expression would be present. Combining these
findings with our recently reported articular cartilage histology datal®, we also hypothesized
that we could identify expression of synovial genes that are associated with articular
cartilage glycosaminoglycan loss.

Materials & Methods

Study design

A controlled, large animal experiment with cross-sectional assessments at two post-surgical
time points was designed. Approval of the Institutional Animal Care and Use Committee
was obtained prior to performing this study. Forty-two adolescent Yucatan minipigs (Sinclair
BioResources, Columbia MO) were allocated to receive unilateral ACL transection surgery
(n=36) or no surgery (INTACT, n=6). Animals receiving ACL transection surgery were
allocated to euthanasia and assessment at 1 week (1W, n=18) or 4 weeks (4W, n=18) after
surgery. Within each time-point, 6 of 18 animals were allocated to no treatment following
ACL transection, 6 of 18 to immediate ACL reconstruction surgery, and 6 of 18 to
immediate ACL repair surgery. A computer-based random permutation stratified for sex
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determined each animal's group allocation and side of unilateral surgery with an equal
number of males and females in each group.

Microscopicinflammation of the perimeniscal medial synovium (semiquantitative scoring)’
and site-matched transcriptome-wide gene expression levels were the primary outcomes,
which were compared between the ACL surgery and intact control groups. Pathway
enrichment analysis was used to identify functional relations between the differentially
expressed genes. Correlations between synovial gene expression levels and articular
cartilage glycosaminoglycan (GAG) loss (loss of red saturation in Safranin-O staining) in
surgical knees were performed. Secondary outcomes included the macroscopic synovitis
score (Osteoarthritis Research Society International (OARSI) guidelines)!® and the
individual parameters of the microscopic synovitis scorel.

Animal model

While the animals were under anesthesia, a medial arthrotomy was performed and the fat
pad partially resected to expose the ACL. The ACL was transected between the proximal
and middle thirds of the ligament. A clinical exam was performed to verify ACL transection.
In the animals assigned to receive ACL reconstruction surgery, a fresh-frozen bone-patellar-
tendon-bone allograft harvested from an age-, weight-, and sex-matched donor, was
implanted as previously described®. In the animals assigned to ACL repair surgery, an
extracellular matrix scaffold in combination with autologous blood was implanted as
previously described®. Knees were thoroughly irrigated with 500 mL of normal saline
following ACL transection in the group that did not receive further surgical treatment or
following bone tunnel placement in those that received ACL reconstruction or repair. All
incisions were closed in layers. No postoperative immobilization was used. Detailed
information regarding animal husbandry and pain management are available in the
supplemental methods (see Supplementary Methods).

Synovium sample collection

Upon harvest, the medial meniscus of the surgical leg along with the attached synovium and
capsule were excised. This tissue sample was divided according to the frontal plane through
the center of the pars intermedia. The synovium posterior of this plane was harvested for
immediate RNA extraction, as described below. The meniscus, along with the attached
synovium and capsule anterior of this plane, was immediately immersed in 10% neutral
buffered formalin and used subsequently used for histopathological analyses.

Gross synovium analysis

The gross characteristics of the perimeniscal synovium were scored according to the OARSI
recommendations’8 by one reader, who was blinded to the group and time allocation. The
ordinal grades ranged from 0 (Normal, i.e. opal white, semitranslucent, smooth, with sparse
well defined blood vessels) to 5 (Severe, i.e. diffuse involvement, severe discoloration,
consistent and severe fibrillation, thickening to the point of fibrosis, severe proliferation and
hypervascularity).
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Sample processing for histopathology

The medial perimeniscal synovium samples described above were fixed in 10% neutral
buffered formalin for 48 hours. Samples were then dehydrated in 70%, 95% and 100%
Ethanol, 1:1 Ethanol/Xylene and 100% Xylene at room temperature for 24 hours each,
immersed in paraffin at 60°C for 48 hours and then embedded. 6 um sections were mounted
on silanized microscope slides (Superfrost Plus, Thermo Scientific, Waltham, MA) and
stained with hematoxylin and eosin. Staining and whole slide imaging were performed in
one batch. The images were acquired using the 20x objective on a VS120-S6-W microscope
system (Olympus, Tokyo, Japan).

Microscopic synovium analysis

Microscopic scoring of the perimeniscal synovium was performed by one reader on the
whole slide images using the semiquantitative scoring system developed by Krenn et al.1’.
The group and time assignment for each slide was blinded during scoring and so were the
corresponding gene expression and cartilage outcomes. The assessment included the degree
of intimal hyperplasia, stromal cellularity and inflammatory infiltration (each parameter
from 0-absent to 3-strong)1’. The intimal hyperplasia parameter was scored based on the
number of lining cell layers (ranging from 0-one layer to 3-more than five layers). The
stromal cellularity parameter was scored based on the density of resident synovial cells, such
as fibroblasts, fibrocytes, endothelial cells and macrophages (ranging from 0-normal
cellularity to 3-greatly increased cellularity with presence of multinucleated giant cells). The
inflammatory infiltration parameter was scored based on the presence of non-resident
synovial cells, such as lymphocytes and plasma cells (ranging from 0-no inflammatory
infiltrate to 3-dense band like inflammatory infiltrate or numerous large follicle-like
aggregates). Lymphocytes, plasma cells and granulocytes can readily be identified and
distinguished from resident synovial cells on H&E stained sections. The microscopic sum
score represented the sum of all parameters and ranged from 0-9 (0-no synovitis, 9-highest
degree of synovitis). Detailed instructions of the scoring system are provided in the original
publicationl’.

In addition, two microscopic quantitative measures of synovitis were employed on the H&E
stained sections, including the synovial cell count and the tissue area. The synovial cell
count was calculated by using image analysis software (F1JI ImageJ 1.5 20) to determine the
number of cell nuclei present in the synovial tissue in a 5.5 mm x 5.2 mm field of view
centered on the base of the medial meniscus. One reader, blinded to group allocation and
other outcome measures, manually selected the synovial tissue. The synovial tissue area is
the area of the described selection in pixel and was determined using image analysis
software (FIJI ImageJ 1.5 20),

Synovium RNA-seq

Synovium samples were immediately placed in 2 ml Lysing matrix S tubes (MP Biomedical)
and homogenized in 1 ml TRIzol (Life Technologies) using a FastPrep-24 Instrument (MP
Biomedical). Samples were then frozen in liquid nitrogen, transferred on dry ice and stored
at -80°C until RNA isolation. For total RNA extraction, the homogenisates were brought to
room temperature followed by phenol-chloroform separation and on-column purification
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using the PureLink™ RNA Mini Kit (Life technologies). RNA samples were treated with
DNase I (PureLink DNase Set; Life Technologies) and assessed for purity with a NanoDrop
(Thermo scientific) and for integrity with an Agilent 2100 Bioanalyzer. The mean 260/280
absorbance ratios were 1.98, 2.08, and 2.08 for the INTACT, 1W, and 4W groups,
respectively; the mean 260/230 ratios were 1.67, 2.35, and 2.20, and mean RNA integrity
numbers (RINS) were 7.5, 8.4, and 8.2, respectively (Table 1; see Supplementary Table 1 for
detailed information about RNA purity and integrity information for all groups). The
samples were then enriched for poly(A+) messenger RNA, reverse transcribed with random
hexamers, ligated with indexed adapters, and amplified with 17 cycles of polymerase chain
reaction using a TruSeq RNA Sample Preparation Kit version 2 (Illumina). Following the
removal of primer dimers by magnetic bead—based purification, samples were pooled and
sequenced with 10 or 11 libraries per lane on an Illumina HiSeq 2500 machine with 50-bp
paired-end reads (Biopolymers Facility, Harvard Medical School, Boston, MA). An average
of 17.4, 17.5, and 14.4 million reads per sample for the INTACT, 1W and 4W groups were
obtained. Of those 83.1%, 79.5%, 81.2%, were uniquely mapped to the pig genome (susScr3
at the University of California, Santa Cruz Genome Browser [http://
hgdownload.cse.ucsc.edu/downloads.html]) with the RNA-seq Unified Mapper (RUM)
pipeline?! (Table 1; see Supplementary Table 1 for number of reads and mapping
information for all groups). Reads uniquely aligned to the exons of each gene were counted
with a custom R script22 that uses Rsamtools?3 and GenomicFeatures24 packages. Reads per
kilobase of transcript per million mapped reads (RPKM) were calculated for each transcript
as a measure of transcript abundance in the cartilage samples. Differential expression and
ontology term enrichment analyses were performed as described below. Transcriptome-wide
gene expression data is available at ArrayExpress (E-MTAB-[will be added upon approval]).

Statistical analysis

Group-wise comparisons of macroscopic and microscopic outcomes were carried out in two
iterations using the Kruskal-Wallis test, followed by Dunn's post-hoc test with Holm's p-
value adjustment to correct for multiple comparisons. First, all possible combinations of
factors, ACL status, post-surgery time and treatment, were compared (i.e. INTACT, 1W
ACLT, 1W Reconstruction, 1W Repair, 4W ACLT, 4W Reconstruction and 4W Repair (n=6
in each group)). Second, groups defined by ACL status and post-surgery time only were
compared with surgical treatments being pooled (INTACT n=6, 1W n=18 and 4W m=18).
Adjusted p-values<.05 were considered statistically significant.

Differential expression analysis

Differential expression analyses were performed using the edgeR package?® in R version
3.2.3 (The R Foundation for Statistical Computing) by comparing the counts of reads
uniquely aligned to exons between groups. P-values were adjusted for transcriptome-wide
testing using the Benjamini and Hochberg method to represent the false discovery rate6.
Adjusted p-values<.05 were only considered significant when the expression levels were
>1RPKM in at least one of the compared groups. To eliminate the risk of a single outlier
producing a significant result, p-values were required to be reproducibly <.05 while each
single sample was left out during replications of the tests.
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Linear regression analyses were carried out on the data from the surgical animals only
(n=36). Transcripts that were significantly differentially expressed in the comparison of 1W
and 4W post-surgery animals with INTACT controls were evaluated for associations with
the site-matched cartilage GAG loss'6. The associations of medial femoral condyle articular
cartilage Safranin-O saturation (SAF-O; ranging from 0-absent staining to 255-full red
saturation throughout the entire cartilage section) with synovial transcript expression levels
after adjustment for post-surgery time were tested. Transcripts with mean abundances
<1RPKM in the surgical samples were eliminated prior to performing the test. P-values were
used to calculate the false-discovery rate (FDR) according to Benjamini and Hochberg.28
Associations with both p-value<.05 and FDR<.20 were defined statistically significant.

Pathway enrichment analyses

The differentially expressed genes were used to analyze the enrichment of specific pathways
using the MetaCore bioinformatics suite (Thomson Reuters).2” Two ontologies were used:
The Process Networks ontology (Thomson Reuters) and the GO Biological Process ontology
(Gene Ontology Consortium). Sus scrufa Ensembl identifiers and, if not recognized, gene
symbols were used for the upload of the transcript lists. A similar list containing Ensembl
identifiers and gene symbols of all 25,322 transcripts that could possibly be detected using
our RNA-seq workflow was uploaded in an identical fashion and used as background list.
Enrichment was considered significant when FDR<.05.

Marker genes of monocytes, macrophages, lymphocytes, inflammation and wound healing

Results

A specific set of genes including markers of monocytes, macrophages, and lymphocytes and
their function was analyzed in detail (Supplementary Table 6). Monocyte surface markers
and molecules involved in their trafficking were evaluated as summarized by Shi and
Pamer28, Commonly used macrophage surface markers as summarized by Murray and Wynn
and their proposed combinatorial marker systems for the phenotyping of activated
macrophages were included?®. Lymphocyte markers included commonly used T cell, B cell,
and natural killer cell surface markers. Furthermore, we assessed additional genes related to
inflammation and wound healing (Supplementary Table 7).”

There were no significant differences in baseline age, baseline weight and sex distribution
between all groups as previously reported!® (see Supplementary Table 1). No adverse events
were observed during surgery or follow-up.

Synovitis outcomes

At both post-surgery time points, there were no significant differences in any macroscopic or
microscopic synovitis outcomes between groups with ligament reconstruction, repair
surgery, or without additional treatment (see Supplementary Table 1). The results were thus
pooled within each time-point for comparison to the age-matched INTACT control knees.

The microscopic synovitis sum score increased significantly from the INTACT controlsto
the 1W and 4W samples (Table 1; Figure 1). In addition, increased lining and stromal
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cellularity scores (i.e. synovial lining thickening and increased number of stromal cells)
were observed at 1 and 4W post-surgery (Table 1). There were no significant increases in the
infiltration score (i.e. no significant lymphocytic infiltrates) in the macroscopic synovitis
score at either post-surgery time. In the quantitative microscopic assessment, the synovial
cell count and tissue area both increased significantly from the INTACT group to the 1W
and 4W groups (Table 1).

RNASeq data for leukocyte markers (Supplementary Table 6) revealed that relevant
expression of monocyte (such as CSFIR expressed at 48.5 RPKM) and macrophage surface
markers (CD68 expressed at 110.3 RPKM), but not of T-, B- and plasma cell surface
markers (CD3, CD19, and CD20<1 RPKM, respectively), was present in the synovium of
the INTACT group. Monocyte and macrophage surface markers were downregulated post-
surgery, but upregulations of genes indicating macrophage M1 activation (including
MARCO, IDO1, AND SOCS3) were observed.

Transcriptional Profile of Healthy Synovium

12,792 out of 25,322 transcripts were expressed with an average 21 RPKM in the INTACT
control group, the threshold set for relevant expression. RPKM values ranged over 4 orders
of magnitude. The majority of transcripts were of low abundance (i.e. 7147 transcripts
expressed at 1 to 10 RPKM) or moderate abundance (i.e. 4912 expressed at 10 to 100
RPKM), while fewer transcripts were of high abundance (i.e. 620 transcripts expressed at
100-1000 RPKM and 113 transcripts expressed at >1000 RPKM). Conversely, the 113 and
620 transcripts expressed at high abundance contributed 54.36% and 22.39% of the
cumulative RPKMs, while moderate and low abundant transcripts contributed only 18.90%
and 4.09% respectively.

The highest expression levels for genes coding for secreted proteins (i.e. proteins annotated
to be secreted into the extracellular space in the Uniprot database) were observed for DCN,
APOR, MGPand FN. The top abundant non-mitochondrial, non-ribosomal protein-coding
transcripts with expression levels >2000 RPKM are displayed in Table 2 (see Supplementary
Table 2 for the full transcriptional profiles of all groups).

Transcriptional response of synovium to ACL surgery

At 1W post-surgery, 1865, 2260 and 2872 transcripts were differentially abundant in the
comparison of ACLT, RECON and REPAIR groups with the INTACT control group, while
only 82 out of 25,322 (0.3%) transcripts were differentially abundant between RECON and
ACLT group, and 133 transcripts (0.5%) were differentially abundant between REPAIR and
RECON group (Figure 2B). At 4W post-surgery, 1767, 1525 and 2466 transcripts were
differentially abundant in the comparison of ACLT, RECON and REPAIR groups with the
INTACT control group, while only 192 (0.7%) transcripts were differentially abundant
between RECON and ACLT group, and 185 (0.7%) transcripts were differentially abundant
between REPAIR and RECON group (Figure 2B). Since the majority of changes were
observed due to ACL transection surgery independent of treatment, the results were thus
pooled for each time-point for this report; however, lists of all differentially expressed genes
by treatment group are also provided (see Supplementary Table 3).
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With surgical treatment groups pooled, 13,052 and 12,908 out of 25,322 transcripts were
expressed with an average =1 RPKM in the 1W and 4W post-surgery groups, respectively.
15 of the 18 genes expressed at high levels (over 2000 RPKM) in intact synovium were also
expressed at high levels in the synovium at 4 weeks after surgery. While CS73, C1QCand
CT75Bwere in the high expression list for intact, they were replaced by COL1A1, COL1AZ,
and SPARC at 4 weeks, and in addition, COL3A1 tripled in abundance between intact and 4
weeks after surgery (Table 2). In comparison to intact controls, 2687 transcripts were
differentially expressed at 1W post-surgery and 2099 transcripts were differentially
expressed at 4W post-surgery. Amongst genes encoding for secreted proteins, the largest
upregulations were observed for MMP13 (upregulated by 767- and 381-fold at 1 and 4
weeks post-injury). The 20 most significantly changed transcripts are shown in Table 3 (see
Supplementary Table 3 for full list).

The set of concordantly differentially expressed genes enriched pathways (Process network
ontology) related to six terms including proteolysis, cartilage development and inflammation
(see Supplementary Table 4 for details). The proteolysis pathway was enriched by
upregulation of genes coding for 6 extracellular matrix molecules (ACAN, COL3A1,
COL16A1, FN1, SPARC and TINC; 5203 total RPKM in INTACT to 21,732 RPKM at 4W
post-surgery), as well as 5 matrix-metalloproteinases (MMP1, MMPZ2, MMP9, MMP13 and
MMP15; total 590 RPKM in INTACT to 2421 RPKM at 4W post-surgery), and 3
aggrecanases (ADAMTS1, ADAMTS4, ADAMTSY, total 9 RPKM in INTACT to 16 RPKM
at 4W post-surgery).

The cartilage development pathway was enriched by upregulation of genes coding for 7
extracellular matrix molecules (ACAN, COL12A1, COL1A1, COL1AZ, COL3A1, FBNI,
FNJ, total 5460 RPKM in INTACT to 27,835 RPKM at 4W post-surgery) and one matrix
metalloproteinase (MMP13, 0.1 PRKM in INTACT to 43 RPKM at 4W post-surgery). The
genes for the transcription factors RUNX2 and SOX9were both upregulated in the
synovium after ACL surgery (total of 2.2 RPKM in INTACT to 11RPKM at 4W post-

surgery).

Amongst pathways pertinent to inflammation, the complement system pathway was the only
one found to be significantly enriched. The enrichment was due to downregulation of the
genes coding for complement components (CIQC, C2, C3, C8G), positive regulators of
complement activation (CFD, CFP), and negative regulators of complement activation
(C4BPA) and ITGAM. Although several members of the matrix metalloproteinase family
and genes associated with the complement pathway were differentially expressed after
surgery, many of the genes associated with classical inflammation were not found to be
differentially expressed in the synovium in this model (Supplementary Table 7). These
include /L1A, TNFA, NOS2, and PTGSZ (Supplementary Tables 6 and 7). /L1Bwas
downregulated at 4 weeks after surgery.

Correlations between synovitis, synovial gene expression and cartilage
glycosaminoglycan loss

The mean articular cartilage Safranin-O saturation decreased from the INTACT controls to
the 1W (p=0.072) and 4W samples (p=0.040, see Table 1). In post-surgical animals (n=36)
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the synovial cell count (p<.001), but not the tissue area (p=.103), was significantly
associated with the Safranin-O saturation, with high synovial cell counts being present in
individuals with a greater loss of Safranin-O saturation (Table 4). Further, the synovial
expression levels of 138 transcripts were associated with the cartilage Safranin-O saturation
with unadjusted p-values<.05. Of those, 20 transcripts were associated with a FDR<.20
(Table 4). The highest R? value was found for /7GAS8, which encodes Integrin alpha-8.
Higher post-surgery expression levels in the synovium were associated with a loss of
articular cartilage Safranin-O saturation (Table 4).

The 20 transcripts with significant association to articular cartilage glycosaminoglycan loss
enriched nine pathways (GO biological process ontology), including embryonic organ
development, embryonic skeletal system development, embryonic appendage
morphogenesis, embryonic limb morphogenesis, cell-cell adhesion, chondrocyte
development and osteoblast differentiation (see Supplementary Table 5). This enrichment
was due to /TGA8, RUNXZ, LEF1, PCDH17, EFR3A, VMPI1, KIAA1217, GATM and
SHOX?Z2 of which all but GATM and SHOXZ2 were upregulated post-surgery.

Discussion

This study established that microscopic synovitis is present during the molecular stage of
PTOA in the porcine model, and that the observed increase in synovial cellularity is
associated with a broad transcriptional response in the synovium and correlates directly with
the loss of glycosaminoglycans in the articular cartilage. The extent of microscopic synovitis
and cartilage damage was not affected by the surgical treatment. Between 12,532 and 13,150
transcripts expressed with an average =1 RPKM in the various conditions examined
constitute the synovial transcriptome (see Supplementary Table 2), corresponding to 49.5%
and 51.9% of the 25,322 assessed transcripts. The synovial transcriptional response to
surgery involved significant changes in the expression of 1590 to 3038 genes, or 6.3 to
12.0% of all assessed genes, whereas treatment-related differential expression involved only
88 to 367 genes, or 0.3 to 1.4% of all assessed genes. Detailed analysis of all treatment-
related effects on gene expression are provided (see Supplementary Table 3); however, the
focus here was to report the vast, treatment-independent, transcriptional response to ACL
transection surgery and to identify associations between synovial expression levels of these
genes with the deterioration of adjacent articular cartilage. With treatment groups pooled, a
set of 1683 genes (6.6%) was identified, which was concordantly differentially expressed at
1 and 4 weeks post-surgery. This set predominantly included genes involved in extracellular
matrix remodeling and cartilage development. Amongst those differentially expressed genes,
several genes were identified for which the synovial post-surgery expression directly
correlated with the loss of glycosaminoglycans in the articular cartilage. This set of genes
particularly included those involved in skeletal development. As there were no genes
expressed by the chondrocytes that were similarly correlated with the Safranin-O staining®,
our findings suggest that the response of the synovium to the ACL surgery may have a role
in the early glycosaminoglycan loss seen in articular cartilage. Whether the
glycosaminoglycan loss in the articular cartilage triggers upregulation of genes related to the
developmental pathways in the synovium or the pathway activation results in
glycosaminoglycan loss remains unclear.
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The synovial transcriptional response to surgery included significant expression changes of
genes associated with extracellular matrix remodeling, including several that have been
previously reported to be differentially expressed by chondrocytes in late osteoarthritis,
including MMP1, MMP130, and ADAMTS-41. MMP1 expression (encoding MMP-1,
which also degrades type Il collagen) was also upregulated in the synovium after surgery.
MMP13 (which is thought to be the collagenase that plays a significant role in the
pathogenesis of OA)32 was upregulated by several hundred fold in the synovium. Previous
studies have reported MMP-133 and ADAMTS-431 in the synovial fluid of injured joints,
and MMP-1 and MMP-13 in the fluid of osteoarthritic joints®4. In addition, ADAMTS-4 has
been found to correlate with the presence of aggrecan fragments in the synovial fluid.3°
Thus, synovial production of MMP-1, MMP-13 or ADAMTS-4 may represent a future target
for reducing the synovial fluid levels of these proteases in the molecular phase of
osteoarthritis.

The transcriptomic response also resulted in significant changes in genes associated with
cartilage matrix formation and cartilage development, including the ACAN, COLZAI,
SOX9and RUNXZgenes. SOX9and RUNXZ are genes encoding Transcription factor
SOX-9 and Runt-related transcription factor 2 (master regulators of cartilage and bone
formation, respectively)36:37 and increased SOX-9 deposition was previously observed in
areas of ectopic cartilage metaplasia within the synovium of osteoarthritic knee joints of
mice38. This suggests that the synovium may not only respond with a fibrotic healing
response after joint injury, but may also be activating pathways important for cartilage
development and cartilage matrix production. As no cartilage tissue formation was seen in
the synovium, it is possible the upregulation of the cartilage formation pathway resulted in
the expression of cartilage-associated extracellular matrix proteins by the synoviocytes
which could perhaps influence the articular cartilage via the synovial fluid. This hypothesis
is supported by prior reports of synovial fluid from knees with OA having increased
concentrations of these proteoglycans.3940 Further studies would be needed to explore this
hypothesis.

The changes observed in the synovium, both on a histologic and transcriptomic basis, were
also directly associated with glycosaminoglycan loss in the articular cartilagel. Specifically,
a higher cell count in the perimeniscal synovium and expression of genes related to skeletal
system development were greatest in the knees with the highest loss of glycosaminoglycans
in the articular cartilage of the femoral condyle. A similar relation between arthroscopically
graded synovitis and chondropathy was detected in the medial tibiofemoral compartment in
patients with primary painful knee osteoarthritis fulfilling the American College of
Rheumatology criteria, with more severe chondropathy being present in knees with synovial
inflammation?. Further, a faster progression of chondropathy within one year was observed
in the group with synovitis at baselinel. However, the underlying molecular mechanisms of
these associations remained elusive. Intra-articular inflammation has also been previously
reported to be present in patients with acutely ACL injured knee joints38-41. In this study,
inflammatory pathways were also found to be enriched in both cartilage (Complement
systemn, Interferon signaling and Macrophage migration inhibitory factor (MIF) signaling)
and the synovium (Complement system) after the surgical induction of OA. In the cartilage,
the observed pathway enrichment was primarily due to the upregulation of pro-inflammatory
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genes (i.e. C2, C3, C7, CCLZ, CCL8, PTGS2, and TLR4amongst others), while in the
synovium, it was primarily due to the downregulation of genes encoding complement
components (i.e. C2and C3). Of note, synovial gene expression levels of the typical pro-
inflammatory mediators were not associated with the articular cartilage status, while
synovial expression levels of genes pertinent to skeletal system development were associated
(see Table 4). These findings should highlight that synovitis not only includes changes
related to cell proliferation, pro-inflammatory cytokine and protease expression, but also
changes related to metaplasia, with the latter being particularly important due to their
relation to the articular cartilage status observed here.

These findings need to be interpreted in the light of several limitations. First, the porcine
model is different from the clinical condition. Pigs are quadrupeds and their post-surgery
knee joint biomechanics might differ from those in humans. It is also possible that their
biologic pathways differ from those in humans to some degree. Nonetheless, many of the
wound healing mechanisms and the patterns of post-traumatic OA development after an
ACL injury have been shown to be reflective of what occurs in patients.19:4546 Second, in
order to reduce false positive detection rates, we filtered all transcripts that were expressed
<1 RPKM in all groups. This threshold might include relevant transcripts, such as those
encoding cytokines.

Lastly, although there were only a relatively small number of differentially expressed genes
among the surgical groups (between 88 and 367 genes; Provided in Supplementary Table 3),
justifying pooling of these groups for this analysis, the number of differentially expressed
genes between the individual surgical groups and intact controls varied widely (see Figure
2B). For example, looking at the ACLT and REPAIR groups at 1 week reveals that the repair
group had a 63% higher number of genes that were differentially expressed over the
INTACT group than the ACLT only group (1865 vs 3038). These numbers correspond to
1526 genes that were differentially expressed in the comparison of the REPAIR and
INTACT groups, but not differentially expressed in the comparison of the ACLT and
INTACT groups (and 353 genes differentially expressed in the comparison of ACLT and
INTACT groups, but not REPAIR and INTACT groups). However, it is important to note
that the expression of these genes is not necessarily different between REPAIR and ACLT
groups at the conventional level of certainty (i.e. 5% false discovery rate). In fact, only 367
genes were significantly differentially expressed between REPAIR and ACLT groups at 1
week post-surgery in the direct comparison. These genes predominantly included those
encoding skeletal muscle components (including higher expression of MYBPH and TNNCZ2
in the REPAIR group). At 4 weeks post surgery, 277 genes were significantly differentially
expressed, which were predominantly related to cell matrix interactions (including higher
expression of COL1A1, COL5A1, COL16A1, MMPY, and MMP13in the REPAIR group).
Further studies evaluating the role of these pathways in the early PTOA response are
planned.

In conclusion, a strong transcriptional response of the synovium was observed during the
molecular disease stage of post-traumatic OA following surgical induction of this disease.
We confirmed that synovitis and the upregulation of genes associated with developmental
pathways, such as embryonic skeletal system development, were greatest in the knees with
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the highest loss of proteoglycans in the articular cartilage of the femoral condyle. Whether
the synovial gene expression leads to the increased proteoglycan loss in the cartilage or if
the proteoglycan loss leads to the observed gene upregulation in the synoviocytes is not yet
known. However, our data suggest that reducing synovitis and targeting specific synovial
protease production (particularly for MMP-1 and ADAMTS-4 inhibition) may serve as
reasonable treatment targets for the amelioration of early post-traumatic OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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INTACT 1w 4w

Figure 1.
The histologic response of synovium to ACL surgery. Hematoxylin and eosin stained frontal

plane sections of medial meniscus, attached synovium and capsule, corresponding to
medians of the microscopic sum score. Bar indicates 5 mm in overview photomicrographs.
An increase in synovial tissue area, intimal thickness and stromal cellularity is apparent
post-surgery.
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SYNOVIAL TRANSCRIPTOME

Figure2.

14.173 TRANSCRIPTS > 1RPKM

log2 change from INTACT

Page 16

DIFFERENTIALLY EXPRESSED (DE) TRANSCRIPTS BY TREATMENT AND TIME

W | | aw

ACLT RECON REPAIR  ACLT RECON REPAIR

1865 2312 3038 1759 1590 2518 INTACT

88 367 227 217 ACLT

184 212 RECON
DE TRANSCRIPTS BY TIME D TRANSCRIPTS PROCESS NETWORKS
w W aw

w aw
2687 2099 INTACT @ > 6

907 w

vs. INTACT vs. INTACT

The transcriptional response of synovium to surgical induction of osteoarthritis. (A) 14,173
transcripts were expressed >1 RPKM in at least one of the 7 groups defined by ACL status,
time and treatment. Log2 fold-changes compared to INTACT controls are depicted as
heatmap. (B) Number of differentially expressed genes by time-point and treatment. Most
differentially expressed genes were detected in the comparison of post-surgery groups with
intact controls, rather than between the surgical groups (each group with n=6). (C) Number
of differentially expressed genes by time-point (with surgical groups pooled, 1W and 4W
with n=18 each, Intact with n=6). Vast changes in gene expression were observed between 1
or 4 week post-surgery with controls and between 1 and 4 weeks post-surgery. (D) 1683
transcripts were concordantly differentially expressed in the comparison of 1W and 4W with
intact controls (One disconcordant between 1 and 4 weeks). Those transcripts enriched 11
pathways (process network ontology), including terms related to cell cycle, cytoskeleton,
cell adhesion, inflammation, proteolysis, development, and signal transduction.
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Transcriptional profile of healthy synovium and synovium at 4 weeks following the surgical induction of

Table 2

Page 19

osteoarthritis. Non-mitochondrial, non-ribosomal protein coding genes with RPKM>2000 (see Supplementary

Table 2 for full list).

Rank  Gene symbol *
Healthy Synovium

1 DCN
2 APOR

3 EFIALPHA

4  UBC

5  MGP

6  FNI

7 CLU

8  COL3AI

9 FIL

10 CST3

11 FTHI

12 VIM

13 SI100A6

14 ciQc

15 ENSSSCG00000004579
16 PRG4

17 TMSBIO

18 CTSB

Synovium at 4W post-surgery

1 COL3A1
2 COL1A1

3 EFIALPHA
4 FN1

5 UBC

6 DCN

7 SPARC

8 FTHI

9 PRG4

10 VIM

kA A

11 SPARC
12 COL1AZ2

13 ENSSSCG00000004579

14 TMSB10
15 cLU

16 S100A6
17 FTL

Protein name

Decorin

Apolipoprotein R
Elongation factor 1-alpha 1
Ubiquitin C

Matrix Glaprotein
Fibronectin

Clusterin

Collagen alpha-1(I11) chain
Ferritin light chain
Cystatin-C

Ferritin heavy chain
Vimentin

Protein S100-A6
Complement C1q subcomponent subunit C
Uncharacterizedprotein
Proteoglycan 4

Thymosin beta-10
Cathepsin B

Collagen alpha-1(I11) chain
Collagen alpha-1(l) chain
Elongation factor 1-alpha 1
Fibronectin

Ubiquitin C

Decorin

SPARC (Secreted protein acidic and rich in cysteine)

Ferritin heavy chain
Proteoglycan 4

Vimentin

SPARC (Secreted protein acidic and rich in cysteine)

Collagen alpha-2(l) chain
Uncharacterizedprotein
Thymosin beta-10
Clusterin

Protein S100-A6

Ferritin light chain

Intact RPKM ™™

9165.4
8253.7
8239.9
6830.0
6133.0
5739.8
4577.6
3970.5
3840.3
3567.2
3207.1
2948.8
2796.7
2775.9
2729.1
2502.1
2311.3
2272.9

12194.9
6962.5
6205.8
5488.4
5352.5
4084.1
3832.4
3398.3
3211.0
3093.6
2990.2
2963.0
2868.5
2817.0
2779.3
2518.4
2507.1
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Secreted <~

Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes
Yes

Yes

Yes
Yes

Yes
Yes

Yes

Yes

Yes
Yes
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Sieker et al.
Rank  Genesymbol * Protein name Intact RPKM **  Secreted ***
18 APOR Apolipoprotein R 2488.2 Yes
19 MGP Matrix Glaprotein 2363.8 Yes

*
Ensemble identifier is provided when gene symbol is not available,

Ak
RPKM = reads per kilobase of transcript per million mapped reads,

Hok:

*
Encoding secreted proteins based on annotations in the Uniprot database,

Hok kA

Orthologue.
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