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Abstract

Objective. The purpose of this study was to evaluate changes in the synovial fluid proteome following acute anterior
cruciate ligament (ACL) injury. Design. This study represents a secondary analysis of synovial fluid samples collected from
the placebo group of a previous randomized trial. Arthrocentesis was performed twice on 6 patients with an isolated
acute ACL tear at a mean of 6 and 14 days postinjury. Synovial fluid was analyzed by a highly multiplexed assay of 129
proteins (SOMAscan version 3, Somalogic, Inc., Boulder, CO). Pathway analysis using DAVID was performed; genes
included met 3 criteria: significant change between the 2 study time points using a paired t test, significant change between
the 2 study time points using a Mann-Whitney nonparametric test, and significant Benjamini post hoc analysis. Results.
Fifteen analytes demonstrated significant increases between time points. Five of the |5 have been previously associated
with the onset and/or severity of rheumatoid arthritis, including apoliopoprotein E and isoform E3, vascular cell adhesion
protein |, interleukin-34, and cell surface glycoprotein CD200 receptor |. Chondrodegenerative enzymes and products
of cartilage degeneration all increased over time following injury: MMP-1 (P = 0.08, standardized response mean [SRM]
= 1.00), MMP-3 (P = 0.05, SRM = 0.90), ADAMI2 (P = 0.03, SRM = 1.31), aggrecan (P = 0.08, SRM = [.13), and CTX-Il
(P = 0.07, SRM = 0.56). Notable pathways that were differentially expressed following injury were the cytokine-cytokine
receptor interaction and osteoclast differentiation pathways. Conclusions. The proteomic results and pathway analysis
demonstrated a pattern of cartilage degeneration, not only consistent with previous findings but also changes consistent
with an inflammatory arthritogenic process post-ACL injury.
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evolution of posttraumatic OA, a new emphasis has been
placed on identifying biomarkers that could be used as

Introduction

Posttraumatic osteoarthritis (OA) is considered to be the con-
sequence of an initial mechanical disruption or injury. The

initial acute damage to the joint includes mechanical damage
to the tissue itself with elevated expression of catabolic
enzymes' and inflammatory cytokines and ultimately death of
chondrocytes.”> The hemarthrosis following anterior cruciate
ligament (ACL) injury® can further affect cartilage stability
and viability. Recently, there has been a renewed focus on the
inflammatory milieu and its effects on the ability to repair or
restore cartilage after acute traumatic injury. Increased mark-
ers of type II collagen turnover and inflammatory cytokines
have been detected in the acute phase after injury.”"*
Historically, the principal evidence for the onset of
posttraumatic OA has been radiographic joint space nar-
rowing. However, joint space narrowing often takes years
to manifest.'"* To better understand the etiology and
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objective indicators of the key pathogenic processes or
responses to therapeutic interventions.'> Lattermann et
al.® recently evaluated the potential to alter chondral
breakdown following acute ACL injury through the use of
a corticosteroid injection within the first week after injury.
Monitoring of the progression of soluble analytes associ-
ated with chondral breakdown demonstrated early poten-
tially irreversible cartilage changes after injury (as
demonstrated by loss of type II collagen fragments from
cartilage within the first 2 weeks after injury). However,
as observed for established OA,'® Lattermann et al." also
observed variability in responses to anti-inflammatory
treatment after ACL injury. This experience underscores
the need to continue to explore potential therapeutic agents
to lessen chondrodegeneration following ACL injury and
the need to define patient phenotypes that may or may not
respond to specific interventions.'> With this in mind, our
long-term goal is to identify potential ACL patient pheno-
types that either do or do not respond to early anti-inflam-
matory treatment. However, to both determine if different
patient phenotypes exist and to potentially identify addi-
tional therapeutic targets, the proteomic response to acute
ACL injury must first be quantified. Proteomic analyses of
synovial fluid from patients with idiopathic knee OA have
been performed'’; however, to our knowledge, the pro-
teomic response after acute ACL injury has not been per-
formed. As such, the purpose of this study was to explore
synovial fluid proteome changes to potentially provide
insights into mediators of the cartilage degradative pro-
cess following acute joint injury. We hypothesized that
analytes previously associated with idiopathic OA would
be differentially expressed following acute ACL injury.

Methods
Study Design

This study represents a secondary analysis of patients with
acute ACL tears who participated in an institutional review
board (IRB)-approved randomized clinical trial (clinicaltri-
als.gov: NCT01692756) to assess the efficacy of early anti-
inflammatory treatment following ACL injury.”® The
procedures followed were in accordance with the ethical
standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000.

While this IRB-approved randomized controlled trial did
evaluate the effect of intra-articular triamcinolone aceton-
ide, none of the patients from the treatment group were ana-
lyzed for this study. Samples for the current proteomic
analysis were selected from among the placebo-treated
group who underwent direct joint aspirations and subse-
quent small volume (10 mL) intra-articular saline injec-
tions. Arthrocentesis to dryness was performed on the day

of initial presentation (mean = 6 days postinjury, range =
2-8 days) and at a second time point between 6 and 12 days
after the initial visit (mean = 14 days postinjury, range =
8-20 days). After arthrocentesis, patients administered 10
mL of normal saline (placebo) at both of the 2 study visits
were included in this analysis.

Patient Characteristics

This study involved a subset of 6 patients (3 females, 3
males; mean age 17.5 years, range 16.4-20.4 years; mean
body mass index 22.8 kg/m’ range 20-24.4 kg/m?) with
acute ACL tears. Study inclusion criteria included the fol-
lowing: isolated ACL injury as determined via clinical exam
(positive Lachman test with intra-articular effusion) and
validated using magnetic resonance imaging (MRI) exami-
nation, age 14 years or older with closed growth plates as
visualized on plain knee radiographs, no history of previous
traumatic ipsilateral knee injury, occurrence of the ACL
injury during sports activity, no clinical evidence of poste-
rior cruciate ligament injury, and no more than grade 1
medial or lateral collateral ligament injury. Exclusion crite-
ria included: onset of injury more than 8 days prior to
enrollment, previous ipsilateral knee surgery, intra-articular
cortisone injection into either knee within 3 months of
injury, or a history of any inflammatory discase.

Preoperative MRI of the knee was used to confirm the
absence of concomitant injury as suggested by the clinical
exam, and an ACL injury was confirmed intraoperatively at
the time of ACL reconstruction. Patients were instructed to
avoid any prescription or over-the-counter nonsteroidal
anti-inflammatory medications but were encouraged to rest,
ice, and elevate the involved knee to control inflammation.
All patients had similar self-directed, home-based preoper-
ative rehabilitation, which included quadriceps initiation
exercises and passive range of motion.

Proteomic Analyses

Proteomic analysis of the synovial fluid biospecimens was
performed using a high throughput and highly multiplexed
assay (SOMAscan version 3, Somalogic, Inc., Boulder,
C0)."* SOMAscan uses aptamers, chemically modified oli-
gonucleotides that recognize the 3 dimensional structure of
proteins with high specificity and high sensitivity. Each
aptamer, recognizing a specific protein, was tagged with a
short DNA sequence enabling quantification using a custom
hybridization array. The assay transformed the measurement
of proteins into the measurement of the corresponding DNA
via hybridization to an antisense probe array using a hybrid-
ization gasket slide with 8 microarrays per slide. Data were
recorded for each protein as relative fluorescent units (RFU).
The median coefficient of variation for the SOMAscan
Assay is 5% (somalogic.com/somascan-assay-faqs).
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We also assessed changes in specific analytes, measured
by the SOMAscan Assay, that have been previously linked
to OA: aggrecan, disintegrin and metalloproteinase domain-
containing protein 12 (ADAM12), metalloproteinase inhib-
itor-1 (TIMP-1), and matrix metalloproteinases 1, 3, and 9
(MMP-1, MMP-3, and MMP-9, respectively).'*** With the
exception of TIMP-1 for which decreasing values have
been associated with OA changes, increasing values of
these proteins would be indicative of greater cartilage
breakdown. Lower values of TIMP-1 would also be consis-
tent with a chondrodegenerative process as it has been iden-
tified as the primary inhibitor of MMP-1 and -3.

Statistical Analyses

The chondrodegenerative process following acute ACL
injury was quantified by comparing biomarker values at the
2 study time points using paired ¢ tests. However, because
of the small sample size, we also calculated standardized
response means (SRMs) to determine if potentially mean-
ingful trends could be identified. SRM is the pre- to postop-
erative change divided by the standard deviation of the
change scores for that particular variable, with values >0.8
considered large.***

Pathway analysis was performed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID
Bioinformatics Resources 6.8, National Institute of Allergy
and Infectious Diseases, NIH). Genes included in the path-
way analyses were those that met all 3 of the following crite-
ria: significant change between the 2 study time points using
a paired ¢ test, significant change between the 2 study time
points using a Mann-Whitney nonparametric test, and sig-
nificant Benjamini post hoc analysis. The Gene Functional
Analysis Tool was used to identify pathways that were dif-
ferentially expressed, with Benjamini post hoc analyses per-
formed to account for multiple comparisons.*’*

Results

Analytes Demonstrating Greatest Increases

From among the 1,129 analytes measured (Supplemental
Table S1, available in the online version of the article), we
identified the 30 proteins that demonstrated the largest
change during the first 2 weeks after ACL injury (Table 1).
While likely due to the small sample size of this pilot work,
large variation in analyte concentrations were observed
during the first 2 weeks following ACL injury (SRMs
ranged from 1.22 to 4.22); 15 proteins from among these
30 were statistically significantly changed during the first 2
weeks after ACL injury (based on P < 0.05). Interestingly,
5 of the 15 analytes (33%) that significantly increased after
ACL injury have been previously associated with the onset
and/or severity of rheumatoid arthritis (RA), including

apoliopoprotein E and isoform E3, vascular cell adhesion
protein 1, interleukin-34, and cell surface glycoprotein
CD200 receptor 1 (Table 1). In contrast, only 1 of the 15
significant analytes (ADAM12) has been previously asso-
ciated with idiopathic OA (Table 1).%

Pathway Analysis

Of the full list of 1,129 protein analytes that were assessed,
83 met the criteria for inclusion in the pathway analysis.
The pathway analysis identified the following 8 pathways
that were differentially expressed: cytokine-cytokine recep-
tor interaction pathway (P = 0.005, 7 analytes identified in
this pathway), phagosome pathway (P = 0.004; 6 analytes
identified), hematopoietic cell lineage pathway (P = 0.003;
5 analytes identified), extracellular matrix receptor interac-
tion pathway (P = 0.003; 5 analytes identified), osteoclast
differentiation pathway (P = 0.01; 5 analytes identified),
natural killer cell-mediated toxicity pathway (P = 0.01; 5
analytes identified), hypoxia-inducible factor 1 (HIF-1) sig-
naling pathway (P = 0.03; 4 analytes identified), and T cell
receptor signaling pathway (P = 0.03; 4 analytes identified).
Specific analytes associated with each pathway are pre-
sented in Table 2.

Analytes Previously Linked to Osteoarthritis

In addition to the 30 proteins that demonstrated the largest
change during the first 2 weeks after ACL injury, we also
evaluated 6 biomarkers previously linked to OA (Table 2).
TIMP-1, the primary inhibitor of MMP-1 and MMP-3,
tended to be downregulated in the first 2 weeks after ACL
injury (P = 0.09, SRM = —0.89, Table 3). In contrast, chon-
drodegenerative enzymes and products of cartilage degen-
eration all tended to increase: MMP-1 (P = 0.08, SRM =
0.88), MMP-3 (P = 0.12, SRM = 1.04), ADAMI12 (P =
0.02, SRM = 1.27), and aggrecan (P = 0.06, SRM = 0.89).
Interestingly, MMP-9, previously shown to decrease with
OA, tended to decrease over the first 2 weeks after ACL
injury (P = 0.24, SRM = —0.84).

Discussion

An acute ACL tear has been established as a risk factor for
the development of posttraumatic knee OA. Greater than
50% of patients will develop radiographic evidence of post-
traumatic OA within 10 to 20 years following ACL injury.***!
While surgical stabilization of the knee can normalize bio-
mechanics, it does not alone reduce the risk of progressive
cartilage degeneration. A critical response to joint injury
involves activation of inflammatory pathways; however,
prolonged activation of these pathways results in increased
biomarkers associated with progressive cartilage breakdown
and matrix catabolism.’*** Elevated inflammatory markers
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Table I. Thirty Proteins That Demonstrated the Largest SRMs between the 2 Study Time Points Following Acute Anterior Cruciate

Ligament Injury.’

OA- or RA-

Protein Time | Time 2 P SRM  Related?
Apoliopoprotein E (isoform E3) 3157.6 £ 1761.5  7666.4 27153 0.008 4.22 RA
Vascular cell adhesion protein | 2497.3 £ 292.2 3090.1 + 2534 0.004 3.21 RA
o-L-iduronidase 1362.1 £251.7 2052.0 £ 379.8 0.005 1.89

Cell adhesion molecule—related/downregulated by oncogenes 11526.1 £ 59248 16915.3 +£5009.8 0.121 1.87
Extracellular matrix protein | 51447 £2491.7 8492.1 +21473 0.032 1.85

Layilin 1166.9 = 143.0 1491.1 = 307.5 0.051 1.79 OA
Apoliopoprotein E 3512 £ 1243 601.2 + 2293 0.048 .70 RA
I-phosphatidylinositol 4,5-bisphosphate phosphodiesterase y-1 3594 +974 560.6 + 162.1 0.031 .66
Interleukin-17 receptor A 741.3 £ 3289 955.3 +216.5 0217 1.59 RA
Tumor necrosis factor receptor superfamily member 25 21054+ 11365 24056 + 11640 0.661 1.58 RA
Desmoglein-2 9852.9 £2731.3 11791.2 £2636.1 0240 1.53

Bone morphogenetic protein | 713.7 £ 340.0 960.0 = 300.2 0213 I.51 OA
Plexin-Cl 460.6 = 58.9 717.1 £ 175.1 0.014 151
Interleukin-6 receptor subunit alpha 43454 £ 11363  5501.6 £ 1382.7 0.146 1.47
Tyrosine-protein kinase receptor Tie-I, soluble 1902.8 + 964.6 3006.8 £ 1153.5 0.103 1.45
Interleukin-17F 128.6 + 20.8 161.7 +28.1 0.045 .42
Nidogen-2 1792.6 £ 10372  2607.6 £ 1503.4 0.303 .33 OA
Fibronectin 24540.4 £ 10592.9 315669 + 6142.6 0.197 1.32

Growth hormone receptor 390.2 + 81.1 459.2 £ 100.1 0.221 1.30

Tumor necrosis factor receptor superfamily member 3 1617.3 £ 355.3 2006.3 + 386.3 0.100 1.29
Carbohydrate sulfotransferase 15 4679.3 £7382.8 84297 £36986 0.141 1.29
Interleukin-34 325.7 + 60.1 454.4 + 105.8 0.032 1.28 RA
ADAMI2 12424 +717.7 31985 + 14424 0.020 1.27 OA
Fibroblast growth factor receptor | 7383.7 £ 19385 12320.0 £ 34948 0.017 127
Scavenger receptor cysteine-rich type | protein M130 6550.4 + 3777.5 10863.1 £2591.3 0.047 1.25

Cell surface glycoprotein CD200 receptor | 5545+ 216.0 921.6 £ 2444 0.021 1.25 RA
Inducible T-cell costimulator 2028.6 1460.3 3251.2 + 187478 0.238 1.24
Neurexophilin-| 856.4 £ 87.2 1050.9 = 154.0 0.028 1.23
Fibroblast growth factor 10 133.9 £51.5 177.0 £ 60.1 0213 1.23
Roundabout homolog 2 2152.1 +483.6 34282 + 945.7 0.020 .22

OA = osteoarthritis; RA = rheumatoid arthritis; SRM = standardized response mean.

*All values are expressed in relative florescent units (RFU; mean + standa

and cytokine concentrations at the time of ACL reconstruc-
tion have been reported to be predictive of cartilage matrix
composition 3 years after surgery,” and biomarker concen-
trations on the day of surgery may be predictive of patient-
reported outcomes 2 years following surgery for female
patients.*

The changes we observed in markers previously associ-
ated with cartilage degradation and OA were consistent
with prior studies, namely increased synovial fluid aggre-
can fragments, MMP-1, MMP-3, and ADAM12 following
knee injuries and in early stage OA.*** In addition to these
results, we were intrigued by the number of RA-related
markers that were upregulated following acute ACL injury
suggesting that the initial response to injury may have dis-
tinct biological pathways in common with RA. Proteins
upregulated acutely after ACL injury included apoliopopro-
tein E and isoform E3, vascular cell adhesion protein 1,

rd deviation).

interleukin-34, and cell surface glycoprotein CD200 recep-
tor 1. This is perhaps suggestive of chondral breakdown
driven by an inflammatory process, not unlike what is seen
in the early stages of RA. Others have noted the similarity
of early stages of posttraumatic OA and early stages of
RA.*® Both are associated with synovial membrane inflam-
mation with increases in inflammatory cytokines with no
radiographic evidence of OA. In RA, this initial response
ultimately leads to T and B cell proliferation in the synovium
that is not present in OA.

The similarities of RA and posttraumatic OA processes
do not extend to the features of stage III RA that include
development of a pannus. However, while the B and T cell
response and subsequent pannus development are clearly
not a part of the posttraumatic OA progression, we have
anecdotally noted the presence of an intra-articular film-
like membrane during second-look arthroscopy of knees
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Table 2. Analytes Identified for Each of the Significant Pathways.

Pathway

Cytokine-cytokine receptor interaction

Colony-stimulating factor | receptor (CSFIR)

Phagosome Fc fragment of IgA receptor (FCAR)
Fc fragment of IgG receptor lllb (FCGR3B)

CD36 molecule (CD36)

Integrin subunit beta 3 (ITGB3)

Cathepsin S (CTSS)
Myeloperoxidase (MPO)
Hematopoietic cell lineage CD36 molecule (CD36)

Integrin subunit beta 3 (ITGB3)
Integrin subunit alpha 2b (ITGA2B)
Interleukin 6 receptor (IL6R)

Colony-stimulating factor | receptor (CSFIR)

Extracellular matrix receptor interaction CD36 molecule (CD36)
Fibronectin | (FNI)

Glycoprotein VI platelet (GP6)
Integrin subunit alpha 2b (ITGA2B)
Integrin subunit beta 3 (ITGB3)

Osteoclast differentiation Proto-oncogene, src family tyrosine kinase (FYN)

Fc fragment of 1gG receptor llIb (FCGR3B)

Colony-stimulating factor | receptor (CSFIR)

Integrin subunit beta 3 (ITGB3)
Leukocyte immunoglobin like receptor Bl (LILRBI)
Proto-oncogene, src family tyrosine kinase (FYN)
Fc fragment of 1gG receptor llIb (FCGR3B)
SH2 domain containing |A (SH2DIA)
Phospholipase C gamma | (PLCGI)
Protein tyrosine phosphatase, non-receptor type 6 (PTPN6)
Hypoxia-inducible factor | (HIF-1) signaling Interleukin 6 receptor (IL6R)
TNF receptor superfamily members 3 (TNFRSF3)*
Phospholipase C gamma (PLCGI)
Serpin family E member | (SERPINEI)
T cell receptor signaling T cell co-stimulator (ICOS)
hematopoiesis factor PTPN6 (PTPN6)
phospholipase C gamma | (PLCGI)

Natural killer cell mediated toxicity

proto-oncogene, src family tyrosine kinase (FYN)

TNF (tumor necrosis factor) receptor superfamily members 3 (TNFRSF3)*
TNF receptor superfamily members 4 (TNFRSF4)

TNF receptor superfamily members 9 (TNFRSF9)

TNF receptor superfamily members 25 (TNFRSF25)

Interleukin 17 receptor A (ILI7RA)

Interleukin 6 receptor (IL6R)

*TNFRSF3 also known as lymphotoxin B receptor (LTBR).

Table 3. Osteoarthritis-Related Proteomic Changes Occurring between | and 2 Weeks Following Acute Anterior Cruciate Ligament

Injury.

Protein Time | Time 2 P SRM

Aggrecan 6219.0 + 3631.2 15680.5 + 9367.2 0.057 0.89
ADAMI2 12424 £ 717.7 31985 £ 1442.4 0.020 1.27
TIMP-1 333.7 £ 1020.4 2428.6 + 490.0 0.090 -0.89*
MMP-I| 62479.7 £ 44114.5 122818.6 + 61805.1 0.083 0.88

MMP-3 39576.1 + 33816.1 77540.1 £ 43491.1 0.124 1.04

MMP-9 41929 + 5527.6 1135.9 + 938.3 0.236 -0.84°

SRM = standardized response mean.
*Negative SRMs are indicative of a decrease between the 2 time points.
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Figure |. Second look arthroscopy of a patient not involved in the current study performed 4 weeks after anterior cruciate ligament
(ACL) reconstruction. After ACL injury, the patient showed a subacute inflammatory response in the surrounding synovium that

can be strictly localized as shown in (A). The synovial inflammation is sharply demarcated along the base of the medial meniscus in

a patient 4 weeks after ACL injury. Some patients develop more severe synovitis that is often accompanied by pain and stiffness.

In those patients, the chronic inflammatory state may result in a pannus-like synovial response that can cover the condyle like a
vascularized membrane (B). The membrane covers normal articular cartilage and can easily be stripped with an arthroscopic hook.
The underlying cartilage, while appearing normal, appears softer and less light reflective than normal articular cartilage during

arthroscopy (C).

with persistent pain and synovitis that may be suggestive of
a persistent inflammatory response following acute ACL
injury consistent with a central role of inflammation long
after the initial injury (Fig. 1). Taken together, the results of
the current study lend further support to the concept of con-
trolling the early inflammatory response to joint injury as a
potential chondroprotective strategy.

Exploratory Pathway Analyses

Eight pathways were noted to be differentially upregulated.
Several pathways, such as the phagosome, hematopoietic
cell lineage, extracellular matrix receptor interaction, natu-
ral killer cell-mediated toxicity, hypoxia-inducible factor 1
signaling, and T cell receptor signaling pathways, are to be
expected as a result of the acute inflammatory response
after ACL injury. However, 2 pathways, the cytokine-cyto-
kine receptor interaction and osteoclast differentiation path-
ways, may have implications for the observed RA-like
response and progressive cartilage degradation following
ACL injury.

Cytokine-Cytokine Receptor Interaction Pathway. It is not sur-
prising that the cytokine-cytokine receptor interaction path-
way is upregulated following acute ACL injury as cytokines
play a crucial role in both innate and adaptive inflammatory
host defenses, and development and repair processes aimed
at the restoration of homeostasis. However, this pathway
has been previously linked to many diseases, including
juvenile idiopathic arthritis suggesting a role in cartilage
degradation and not solely a response to acute injury.*’ Four
of the seven analytes belong to the tumor necrosis factor
(TNF) family and include TNF receptor superfamily mem-
bers 3, (TNFRSF3), 4 (TNFRSF4), 9 (TNFRSF9), and 25

(TNFRSF25). Interleukin 17 receptor A (IL17RA) was also
upregulated and is involved in the pathogenesis of inflam-
matory and autoimmune diseases including RA.*

Cytokine concentrations in the synovial fluid early after
ACL injury have been associated with degenerative carti-
lage changes over the ensuing three years.*> OA is a chronic,
inflammatory condition with monocytes and macrophages
acting as mediators in the cycle of cartilage degradation in
knee OA.** Synovial macrophages activated by proin-
flammatory cytokines as a result of cartilage breakdown
produce proinflammatory cytokines, which then activate
chondrocytes and production of MMPs, thereby creating a
cyclical process of cartilage degradation.”

As such, it is particularly noteworthy that four protein
analytes in the TNF family were upregulated following
acute ACL injury. Genes in the TNF family have been pre-
viously associated with both RA and OA,**** and this may
be a potential therapeutic target. Corticosteroids have been
demonstrated to reduce markers of type II collagen break-
down following acute ACL injury'’; and it may be the
underlying ability of corticosteroids to modulate macro-
phage function that is causing the reduction in collagen
breakdown. Acute injury initiates a cascade of activity,
including activation of synovial macrophages and increased
concentrations of TNF-a and other proinflammatory cyto-
kines, which thereby results in increased markers of type I1
collagen turnover in the acute phase after injury.”" Intra-
articular corticosteroids have demonstrated the ability to
disrupt this cycle by lessening TNF and cytokine concentra-
tions in chronic arthritis,* albeit transiently.

Osteoclast Differentiation Pathway. While OA progression has
been linked to the innate immunologic response, OA pro-
gression is also potentially affected by cross-talk between
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the cartilage (chondrocytes) and subchondral bone (osteo-
clasts and osteoblasts).** Not only does ACL injury result in
an intraarticular inflammatory response, there is also sub-
stantial injury to the subchondral bone. So-called “bone
bruises” in the proximal tibia and distal femur are commonly
found in combination with ACL injury.**" There are con-
flicting reports as to whether these bone bruises resolve over
time,***” but other characteristics, including bone mineral
density, bone mass, and bone content, are all altered after
ACL injury and do not return to preinjury status even years
after injury.***’ Furthermore, bone bruise volume in the lat-
eral compartment shortly after ACL injury has been associ-
ated with cartilage degradation during the first 2 to 3 years
after injury.*

In our study, colony-stimulating factor 1 receptor (CSF1R)
was upregulated after ACL injury (P = 0.04, SRM = 1.16).
Bone bruises were present on preoperative MRIs for all 6
patients and, while not statistically significant because of the
small sample size (P = 0.16), there was a positive correlation
between the volume of preoperative bone bruises in the lat-
eral compartment and the change in CSFIR between the 2
study time points (Spearman’s p = 0.66). CSFIR is involved
with both the cytokine-cytokine receptor interaction and
osteoclast differentiation pathways. CSF1R is a cytokine that
controls the production, differentiation and function of mac-
rophages and osteoclasts.®> Importantly, CSFIR has been
known to be involved in transmembrane signaling in both
bone marrow and blood mononuclear cells and as such, could
potentially play a role in both innate immunologic and sub-
chondral bone mechanisms of OA progression.”> Synovial
CSF1 expression has been demonstrated to be significantly
greater for both RA and OA patients that controls.”* CSFIR is
expressed by synovial macrophages activated by TNF;
CSF1R also differentially regulates MMP expression, osteo-
clast differentiation, and TNF-induced osteolysis, and thereby
appears to have an essential role in cartilage degradation.”* >
Recent animal model results suggest that blockade of CSFIR
may suppress the synovial inflammatory response™; this
highlights the need for future studies to aid in determining
optimal early interventions for minimizing cartilage degen-
eration, and hopefully the incidence of PTOA following
acute knee injuries.

This preliminary study was exploratory in design and
thus, not without limitations. An a priori power analysis
was not used to justify the sample size. The sample size was
small consisting of only 6 relatively young patients (mean
age of 17.5 years) thereby limiting the conclusions that can
be drawn and whether the results can be generalized to
older patient populations. The development of OA and the
progression of articular cartilage damage after ACL injury
and reconstruction are undoubtedly multifactorial in nature.
Several factors, including patient age, body mass index, and
treatment of the menisci, have been associated with pro-
gressive articular cartilage changes.” While the onset and

progression of posttraumatic OA after ACL injury are mul-
tifactorial, elevated inflammatory markers and cytokine
concentrations at the time of ACL reconstruction have been
reported to be predictive of cartilage matrix composition 3
years after surgery,” and biomarker concentrations on the
day of surgery are predictive of patient-reported outcomes 2
years following surgery for female patients.*® The current
analyses address the biologic factors potentially associated
with posttraumatic OA progression. The samples subjected
to proteomic analysis were limited to 2 very early time
points, but nevertheless demonstrate the feasibility and util-
ity of proteomic analyses of synovial fluid. The combina-
tion of our current proteomic results and previously reported
synovial fluid biomarker results highlight the need for addi-
tional studies to determine if progression of posttraumatic
OA after ACL injury is driven by an inflammatory process
represented by the autoimmune arthropathy as in rheuma-
toid arthritis, or switches to a subacute innate immune
inflammatory arthropathy represented by idiopathic OA. A
better understanding of the underlying mechanisms of post-
traumatic OA progression may then yield novel treatments
to lessen the burden of posttraumatic OA after acute ACL
injury. These data may also contribute to identification of
pharmacodynamic biomarkers to quantify treatment effi-
cacy, and data with which to estimate adequate power in
future studies.

Conclusions

In conclusion, the proteomic results demonstrate a pattern
of biomarker expression following ACL injury that was
indicative of articular cartilage degeneration. To our
knowledge, this is the first clinical study to assess pro-
teomic changes following acute ACL injury. We found that
the protein responses postinjury were similar in direction
to those previously reported with knee OA. The proteomic
analysis also revealed large post-injury increases in RA
associated markers, and differential upregulation of the
cytokine-cytokine receptor interaction pathway that is
closely associated with inflammation. These results not
only concur with other recent studies that have reported
that the chondrodegenerative process begins early after
acute ACL injury'*"*** but also provide unique insights
into potential therapeutic targets.
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