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Abstract

The glucocorticoid drug Dexamethasone (Dex) has been proposed as a potential
therapeutic to treat or prevent post-traumatic osteoarthritis (PTOA), a disease affecting millions of
Americans without a disease-modifying drug. However, current reports on Dex efficacy often
disagree on the effects of Dex on cartilage tissue homeostasis.

The first part of this thesis uses proteomic analyses of a bovine ex vivo cartilage explant
monoculture model of PTOA progression to identify inflammation-induced catabolic processes
associated with disease progression that were attenuated by the addition of Dex. Some of the matrix
fragments and inflammatory cytokines appear to be novel, promising disease biomarker
candidates. Dex had an imperfect rescue effect on the observed dysregulation of anabolic and
chondroprotective processes.

The second part of this thesis expands the ex vivo cartilage explant monoculture PTOA
model to use human donor knee cartilage. Proteins released into the media were clustered by the
kinetics of their release over three weeks. This analysis further details the classification of
biomarker candidates by their timing of release from cartilage, which was compared to the timing
of proteins reported to be in patient synovial fluids after traumatic joint injuries. Experiments here
revealed that Dex restored the kinetics of release to many matrix components.

The final part of this work combines both healthy human ankle cartilage and bone in a
novel osteochondral PTOA model that incorporates disease-relevant tissue crosstalk. Across seven
human donors, proteomic analysis of culture media and cartilage tissue revealed that catabolic
disease effects such as matrix breakdown and sGAG loss were attenuated by Dex, as well as the
dysregulation of bone metabolism with disease but not Dex treatment. Regression analysis was
used to find disease-specific peptide biomarkers by regressing individual peptide abundances
against SGAG loss. Regressing protein abundances against Dex rescue effects on sSGAG loss then
identified an association of pro-inflammatory humoral proteins and apolipoproteins that were
associated with lower donor-specific Dex efficacy.

Taken together, these results demonstrate the anti-catabolic effects of Dex in human
cartilage and osteochondral PTOA model systems, with only minor off-target effects on anabolic
processes and identify methods of better predicting disease and Dex responses.

Thesis Supervisor: Alan J. Grodzinsky
Title: Professor of Biological, Electrical, and Mechanical Engineering
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Chapter 1. Introduction

1.1 The case for corticosteroids

Glucocorticoids (GCs), a family of steroid hormones, have been used since the 1950s for treating
pain and inflammation in both rheumatoid arthritis (RA) and osteoarthritis (OA), diseases
associated with cartilage degeneration and joint inflammation [1,2]. In the early twentieth century,
new treatments for RA using extracts of animal adrenal cortical tissue led to the need for greater
quantities of synthetic steroids. By the 1960s, rapid advances in chemical synthesis of GCs resulted
first in synthetic cortisone, then hydrocortisone, fluorohydrocortisone, prednisone, prednisolone,
triamcinolone, methylprednisolone and, finally, dexamethasone, the latter acknowledged to be the

most potent member of the GC family [3].

Although the beneficial effects of GCs are now cited as well-known and accepted, there remains
much controversy in the field about their prescription for patients. Harmful side effects from
systemic delivery of GCs were recognized early on, leading to the pioneering development of
intra-articular (i.a.) injection for steroid therapy in the 1950s [4]. However, even with i.a. delivery
of GCs, their mechanism of action in both diseased and healthy joints is not well understood. GCs
can affect a variety of cellular pathways, suppressing inflammation with sometimes-unknown off-
target effects [5]. Even among the most recent clinical trials, there are conflicting results over their
safety and efficacy, often due to low-quality evidence on their effects or different methodologies

used [6,7].

The greatest concern over GCs in the context of arthritis treatment is their potential for catabolic

effects on cartilage. While several clinical studies show significant short-term reduction in pain



after treatment with GCs, others reveal that with repeated i.a. injections at typically high clinical
doses, GCs can lose their analgesic effects [6,8,9]. In addition, a recent report suggested that
repeated i.a. injections every 3 months over a 2-year period caused certain macroscopic changes
in cartilage, e.g., a loss of knee cartilage volume and thickness as measured by MRI [10]. Animal
and in vitro studies have also raised critically important issues regarding dose and duration of
repeated injections. The oft-cited study of Mankin et al. reported a significant loss of cartilage
sGAG and suppressed matrix biosynthesis following daily intramuscular injections of cortisone
into rabbits at 4.5 mg/kg over a 9-week study duration [11]. In contrast, Gibson et al. injected
prednisolone (3.5 mg/kg) into mature monkey knees only once, twice or six times over a 12-week
period and reported essentially no changes in injected knees compared to controls, and Samuels et
al. surveyed many studies and found no evidence that GCs accelerate joint deterioration [7,12].
Was the difference in cartilage response associated with the animal species, dose, number of
injections, or choice of GC? Even after so many decades of clinical use of GCs, questions remain
as to what mechanisms GCs act on cartilage and surrounding joint tissues, and under what dosing

regimens GCs remain safe for patient use [8,13].

While the most commonly used GCs today include prednisolone, triamcinolone, betamethasone
and dexamethasone, they are reported to have differential effectiveness at different doses from one
another, further complicating our ability to compare and interpret treatment protocols and
mechanisms of action. Therefore, for the purposes of this thesis, we will focus on the effects of
only one member of the GC family, dexamethasone (Dex). This narrower focus enables a
comparison of studies on the effects of a single GC across different biological systems, from

isolated cells to intact organ culture explants, animal studies in vivo, and human clinical trials.



The controversy over Dex begins at the level of clinical trials. Two recent trials studying changes
in pain post-knee arthroplasty surgery used the same Dex dose, but only one found a significant
reduction in pain after Dex administration [14,15]. Unlike other GCs, no clinical trial has been
completed that assesses the effects of Dex on cartilage structure or function; however, several
recent studies have shown that Dex may have chondroprotective effects on cartilage in the context
of post-traumatic osteoarthritis (PTOA) using in vitro human cartilage explant models [16—18].
These results present the possibility of repurposing and using Dex as a disease-modifying drug
(DMOAD) in contexts such as PTOA, where the anti-inflammatory and chondroprotective effects
of Dex may prevent the progression of the disease. However, more studies must be done to clarify

the timing and dosage appropriate to obtain these effects in vivo.

While these possibilities are exciting, caution must be taken until possible chondrotoxic effects of
Dex are better understood. Several studies using healthy human chondrocytes report that even low
doses of Dex cause cell death and reduce cell proliferation, suggesting potential cytotoxic and
catabolic side effects. However, the observed effects of Dex depends greatly on dose, model,
duration of treatment and context (e.g., isolated cells versus intact cartilage). Thus, study
conclusions often differ greatly, complicating the discussion of the safety and efficacy of this drug.
It is particularly important to understand appropriate use in human disease due to the variety of
reported side effects of GC treatment, including hypertension, adrenal gland suppression,
psychological disturbances, Cushing’s syndrome, osteoporosis, and susceptibility to infections as

a result of immunosuppression [19,20].
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1.2 Dex and animal models of arthritis

Studies in animals, summarized in Table 1.1, suggest promise for Dex as a potent preventative
measure against arthritis progression but, conversely, suggest that it may damage healthy cartilage
at certain doses and durations. In a collagen-induced mouse model of RA, Rauchhaus et al. found
that daily intravenous injections of free Dex at a concentration 1.6 mg/kg, or a single injection of
liposomal-encapsulated Dex from 0.4 to 4 mg/kg, both reduced the frequency of arthritis
occurrence and lowered its severity [21]. However, the persistent anti-inflammatory effects gained
by single-dose liposomal encapsulation hint at the importance of drug delivery. Islander et al. used
a mouse postmenopausal OA model and found that daily 125 ug intraperitoneal injections of Dex
protected against arthritis and joint destruction [22]. In two rat meniscal transection OA models,
one using daily oral gavage treatments with Dex at 0.1 mg/kg starting 11 days after surgery and
another with weekly 20 pg i.a. injection of Dex, treatment decreased animal pain response in the
affected paw, lowered inflammatory signaling and macrophage infiltration, and partially rescued
proteoglycan (PG) loss in the joint cartilage [23,24]. A similar rat study using adjuvant-induced
arthritis (AA) treated with 0.15 mg/kg daily Dex via oral gavage starting 13 days after AA
induction found less swelling in the paws of rats treated with Dex [25]. This same study showed
that there was also a significant overlap in genes downstream of inflammatory mediators regulated
by Dex and the network of genes affected by the development of AA, but did not explore the
identity of these genes or how they may provide protection to cartilage. Daily treatment with a
lower dose of Dex injected intraperitoneally caused chondrocyte apoptosis in the paws of mice
with arthritis induced by collagen II injection, but did reduce inflammation [26]. Rabbits injected
intra-articularly with 0.5 mg/kg Dex once before and every three days after a surgery-induced

PTOA model showed protection of articular cartilage at three weeks after surgery, with Mankin
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scores equal to the control rabbits [27]. Heard et al. then used the same rabbit surgical model with
a single i.a. Dex injection at the time of surgery (0.5 mg/kg) and showed significant improvement
of histological grading of cartilage and synovium 9 weeks post-surgery [28]. They noted that this
was due to improvement in safranin-O staining of GAGs, while Dex treatment did not influence
the medial structure grade. Malfait et al. credited such a protective effect of Dex on inhibition of
GAG loss to protection against aggrecan proteolysis in cartilage matrix, demonstrated in their rat
model of OA using i.a. injections of TNFa followed by 16 hours of intravenous infusion of 0.001-
1 mg/mL Dex in saline [29]. Even in animal models, however, there are discrepancies in the results
of Dex: Huhtakangas ef al. also found that i.a. Dex did not have a difference in histological knee
grades for mice with zymosan-induced arthritis [30]. The duration of treatment can also have
significant effects on the assessment of Dex safety: mice with OA induced by a meniscal
destabilization given 5 mg/kg Dex 1.a. for 4, 8, or 12 weeks had increasing severity of structural

damage and chondrocyte apoptosis the longer they were exposed to Dex [31].

The most in-depth analysis of cartilage structure after Dex treatment in an animal model was
performed by Jaffré et al., who used quantitative ultrasound measurements and picrosirius red
staining to interrogate the surface and internal structure of the cartilage after inducing synovitis
and significant loss of cartilage sSGAG in young rats with injections of zymosan [32]. Daily 0.1
mg/kg i.a. injections of Dex prevented knee swelling and histological changes such as loss of
hypertrophic cells and surface alterations seen with toluidine blue staining, and maintained
proteoglycan content at control levels. Using ultrasound measurements, they demonstrated that
Dex returned the integrated reflection coefficient of the OA-challenged cartilage to control levels

after 14 days, suggesting that the Dex restored the microarchitecture and smoothness of the

12



superficial layer after zymosan challenge. After two weeks of Dex treatment, however, the internal
collagen network of the cartilage was markedly changed, with thinner and more disperse collagen

fibers, a greater change than the effect of arthritis induction alone.

While Dex appears to provide protection against cartilage degradation, the results of Jaffré et al.
suggest that there may be some dysregulation of the internal structure of cartilage organization,
particularly in developing cartilage. It is also important to note the degenerative side effects of
long-term daily Dex treatment: it is well established that extended high doses of Dex can retard
growth, which was verified by Jaffré et al. with significantly lower knee sizes and weights in their
Dex-treated rats. The rabbits in the study by Huebner ef al. had extensive damage to their organs
after Dex treatment; their lungs, livers, and kidneys all appeared fibrotic and had large necrotic
areas, suggesting serious systemic side effects to drug treatment [27]. Rauchhaus et al. reported
other systemic side effects in their mouse model, with reductions in body weight and lymphocyte
count, neutrophilia, and transient reduction in serum corticosterone levels [21]. Two injections of
0.12 or 0.24 mg Dex reduced the growth of rat fetuses (an unsurprising finding given the well-
established effect of GCs stunting growth in developing children) and caused the cartilage within
the fetuses to have lower collagen content and reduced chondrocyte biosynthetic activity [33,34].
Taken together, these findings suggest the need for approaches to single injection for sustained

low-dose intra-cartilage delivery of GCs, thereby minimizing unwanted exposure to other tissues.

1.3 Dex and healthy, non-arthritic animal models

The results from animal models demonstrate that there is clearly a need to better understand the

appropriate dosage and duration of treatment to prevent local and systemic side effects, especially
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when considering how the potential detrimental effects of Dex can extend to healthy cartilage. In
models of OA, Dex can maintain the proteoglycan content of cartilage, but in healthy animals, Dex
has been shown to damage cartilage and chondrocytes depending on dose and frequency of
treatment. In a long-term study by Glade et al., daily intra-muscular injections of Dex at 0.5 to 5.0
mg/100 kg into 6 month old pony weanlings for up to 11 months caused massive degeneration of
the still-developing injected joints, with articular lesions, fibrous scars, and large necrotic areas of
both cartilage and bone [35]. These results were attributed to a suppression of cartilage metabolism
during the first 8 months of treatment, measured by *S-methionine incorporation and lactate
dehydrogenase (LDH) activity. Li ef al. reported a loss of cartilage sGAG content and increased
MMP synthesis in the cartilage of rats injected i.a. twice a week for two months with 0.5 mg/kg
Dex [36]. In a small animal model but with a much higher Dex dose, rats treated with 3.33 mg/kg
Dex by systemic intramuscular injection for 5 weeks (1 mg per week) showed reduced size of the
rough endoplasmic reticulum and Golgi complex within articular chondrocytes, hypothesized to
cause a reduction in protein synthesis [37]. Dex treatment resulted in an increased number of dead
cells, attributed to its effect on lysosomal function as well as disrupting cell metabolism via
reducing mitochondrial size. Annefeld and Erne also found a suppression of cartilage metabolism
with a similar dose of intramuscular Dex (3 mg/kg), as well as higher rates of cell death within the
cartilage after only three weeks [38]. While it is difficult to extrapolate the doses used in animal
models to what is appropriate for human patients, it is apparent that in some ways the effects of
Dex may be chondroprotective under arthritic stresses, but lead to catabolic degeneration and a

loss of viability in healthy tissue as the dose and duration increase.
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Using animal models, chondrocyte death and matrix degradation are two of the most commonly
reported outcome measures for determining the beneficial or harmful effects of Dex. However,
there are many processes affecting these readouts that these studies do not always capture: Dex
regulates many intracellular processes affecting cell viability, and regulates both the production of
ECM proteins as well as the proteases responsible for organizing and breaking down the matrix.
Some of the most well-studied processes are summarized in Figure 1.1. The complex nature of
the interactions of these effects complicates interpretation of the effect of Dex on cartilage tissue,
and necessitates using in vitro cartilage explant and chondrocyte studies to interrogate the

mechanistic effects of Dex.

1.4 Cartilage explant models of arthritis

While there are no clinical data on the specific effects of Dex on cartilage in human patients,
several studies have been performed on cartilage explants in vitro using tissue from human donors,
listed in Table 1.2. Li ef al. (2015) demonstrated in an IL-1-challenge of full-thickness near-
normal human cartilage disks that culture with 100 nM Dex continuously over a 17-day treatment
rescued glycosaminoglycan (GAG) loss and maintained more viable cells within the cartilage,
relevant to potential PTOA prevention. Dex also rescued the cytokine-induced decrease in sGAG
synthesis in this disease model, though not up to control levels. These results showed beneficial
effects of Dex on cartilage metabolism and ECM synthesis in a diseased state, the opposite of what
was seen following long-term Dex treatment of healthy developing animal models [35]. Using
human tissue in an 8-day TNFa + IL-6 challenge of normal human knee explants (+/- a single
injurious compressive impact injury relevant to PTOA), Lu ef al. also found that continuous Dex

treatment rescued GAG loss [16]. Interestingly, in the same TNFa/IL-6 model, Dex greatly
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decreased the secreted levels of MMP1 and MMP13, which correlated with decreases in fragments
of extracellular matrix components released to the media, such as aggrecan, cartilage oligomeric
matrix protein, and collagen I1I neoepitopes [17]. In a co-culture model using human cartilage and
synovial tissue from surgical discards, 100 nM Dex attenuated MMP and CCL2 release while

increasing IL-8 release, but did not affect GAG loss [39].

Animal cartilage explant models corroborate some of the findings of human tissue, and offer some
additional mechanistic understanding of how the effects of Dex on arthritis progression are
propagated at the transcriptional level. Dex returned GAG loss and sulfate incorporation to control
levels in two studies of TNFa-treated bovine cartilage at Dex concentrations as low as 1 nM
[16,40]. The reduction in GAG loss was suggested to be due to a suppressive effect of Dex on the
activity of remodeling proteases like aggrecanases through routes not limited to transcription
alone, particularly in the case of ADAMTS-4 and -5, where mRNA transcripts remained elevated
even after Dex exposure. A similar finding was reported by Busschers et al. using equine cartilage,
where the addition of 100 nM or 1 uM Dex did not reduce the increase in ADAMTS-5 transcription
after IL-1p challenge and levels of ADAMTS-4 mRNA transcripts were still elevated from control,
though decreased from IL-1f alone [41]. This same study reported no change in GAG loss into the
medium or GAG content of articular and nasal cartilage explants after 72 hours of exposure to
Dex, different from the findings of Lu et al. with bovine cartilage, and from studies using human
cartilage [16]. Whether this is due to a difference in species, the inflammatory cytokines used to

model arthritis, or the length of culture remains to be answered.
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In a 24-day IL-1-challenge of bovine cartilage explants, Dex maintained cell viability as measured
by fluorescein diacetate and propidium iodide staining, consistent with a previous report of rescue
of cell viability following mechanical impact injury using 100 uM [18,42]. PCR results in the same
study showed that after four days of IL-1 treatment, Dex greatly decreased the transcription of IL-
6, ADAMTS-4, ADAMTS-5, MMP-3, and MMP-13 compared to IL-1 alone without Dex, while
also rescuing some expression of aggrecan and collagen II, though not up to control levels. It is of
note that these results contradict the findings of Lu ef al. on the effect of Dex on ADAMTS-4 and
-5 transcription, though this discrepancy may be due to the different inflammatory cytokines used
to stimulate cartilage breakdown and subsequent transcriptional pathways being activated [16]. In
another experiment with IL-1 and plasminogen challenge on rabbit cartilage, Saito et al. also found
a decrease in the release of MMP-1 and MMP-3 into the culture media at Dex concentrations as
low as 1 nM. In addition, they showed some rescue of hydroxyproline release, a marker for
collagen degradation [43]. In a whole-joint ex vivo porcine model of a traumatic mechanical joint
injury, Dex was further shown to reduce the expression of catabolic genes including ADAMTS-4,

MMP-13, IL-1B, and TNFa. [44].

Taken together, these results support the hypothesis that Dex helps to prevent the degradation of
extracellular matrix components by inhibiting the increase in transcription or activity of matrix-
degrading factors brought on during the progression of arthritis, and by restoring some level of
expression of the matrix molecules themselves, processes highlighted in Figure 1.1. However,
there are still some discrepancies among the results of these experiments. While Li et al. reported
a decrease in IL-6 expression in IL-1-challenged bovine explants, Lu ef al. did not see a change in

IL-6 transcription with the addition of Dex to TNFa-challenged tissue [16,18]. In a study of equine
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cartilage explants subjected to treatment with IL-1 and the protease activated protein C (APC), 1
uM Dex did rescue hydroxyproline loss and decreased MMP-1, MMP-3, and MMP-13
transcription, However, Dex + APC treatment increased GAG release above the levels of IL-
1/APC alone [45]. This discrepancy may be due to the combined treatment with a protease as
opposed to cytokines alone, as in the other models. Alternatively, the GAG loss may be
overestimated due to the analysis being based on GAG loss per wet weight of cartilage, a

calculation that yields an exponentially increasing result for a linearly increasing loss of GAG.

1.5 Non-arthritic cartilage explant models

Experiments treating healthy cartilage with Dex in the absence of an arthritic context have shown
disagreements in the effects of Dex on extracellular matrix (ECM) composition and tissue
metabolism, summarized in Table 1.3. Two separate experiments with normal juvenile bovine
explants treated with 100 nM Dex and one with equine cartilage explants treated with 100 nM or
1 uM Dex showed no change in the concentration of GAG per wet weight of the explants [16,46].
The two bovine experiments reported no change in the release of GAGs into the culture medium,
while equine cartilage explants showed a slightly increased amount of GAG loss and a
corresponding increase in transcript levels of the protease ADAMTS-5 [41]. However, Siengdee
et al. found that a dose of 1.27 mM, four orders of magnitude greater than that used by the three
previously mentioned studies, caused porcine cartilage explants to lose less GAG content to the
media and maintain higher levels of Safranin-O staining, indicative of greater concentrations of

GAGs in the cartilage matrix [47].
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The effect of Dex on the structure of the cartilage matrix may be dependent on the developmental
state of the tissue, as Bian et al. observed an increase in the equilibrium modulus and dynamic
modulus of Dex-treated juvenile bovine cartilage, but not in adult bovine or canine cartilage, an
effect that may be due to Dex causing more rapid differentiation of immature chondrocytes and
subsequent changes to the extracellular matrix. In the same experiment, treated juvenile explants
had greater concentrations of orthohydroxyproline (analogous to total collagen concentration) per

wet weight after Dex exposure, while adult explants did not [46].

How the metabolism of healthy cartilage responds to Dex exposure is also unclear based on the
current literature. Lu et al. showed no change in the rate of *3S-sulfate incorporation at low doses
of Dex; only at doses above 100 nM, the 3°S-sulfate incorporation significantly increased from the
control [16]. The exact opposite effect, however, was seen in a tilapia gill cartilage explant model,
where any exposure to Dex, as low as 250 pM, significantly decreased the level of *3S-sulfate
uptake, suggesting a decrease in metabolic activity and ECM synthesis [48]. Due to the variety of
transcriptional changes caused by glucocorticoids, it is unsurprising that there would be effects on
the rates of protein synthesis within the tissue, even if the direction of the effect reported in the
literature is inconsistent, perhaps across different species or types of cartilage used. Siengdee et
al. hypothesized that Dex treatment would lead to some level of cell death within the matrix, which
they confirmed with histological sections revealing clusters of clumped chondrocytes, indicative
of cell death [47]. While Datuin ef al. did not report effects on cell viability within the tissue, Dex
doses above 250 nM significantly decreased the level of 3H-thymidine incorporation, associated

with decreased cell proliferation [48].
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Cartilage explant models of arthritis show potentially protective effects of Dex on ECM due to the
downregulation of MMPs, and the structure of healthy cartilage seems to be maintained under Dex
exposure. However, the results on cell behavior and metabolism within native tissue leave open
the possibility that there may be negative effects of the drug on resident chondrocytes themselves,
especially at higher doses. A number of studies have been performed on chondrocytes isolated
from tissue to interrogate the mechanisms of Dex action in both arthritic and healthy contexts, with

many conflicting results in different models and Dex doses, as described below.

1.6 Dex and chondrocyte studies of arthritis and inflammation

Human chondrocytes isolated from patients with arthritis or cultured with inflammatory cytokines
offer a model system in which the pathways affected by Dex treatment can be examined in more
detail, and the studies using this model system are listed in Table 1.4. However, in keeping with
the animal and explant studies, it is difficult to draw specific conclusions because publications
often report conflicting results. A broad transcriptomics analysis of human OA chondrocytes
treated with 1 uM Dex demonstrated its effects on reducing inflammatory factors and matrix
proteinases, with mixed effects on genes associated with the regulation of oxidative stress [49].
Stove et al. 1solated primary chondrocytes from the cartilage of OA patients taken at the time of
knee joint replacement surgery, cultured them in alginate beads with 0.1 ng/mL IL-1p. They found
that addition of Dex (100 nM-10 uM) lowered the PG content of the culture and decreased the
transcription of aggrecan and MMP-3, supporting the hypothesis that Dex does not protect
cartilage by increasing synthesis of ECM components, but instead by preventing the synthesis of
matrix-degrading factors [50]. In another study of chondrocytes and cartilage from human donors

with no joint disease, culture with IL-1 stimulated increased transcription of biologically active
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monocyte chemoattractant protein-1 (MCP-1). Treatment with Dex decreased MCP-1 synthesis,
suggesting the ability to prevent monocyte infiltration and thus progression of cartilage
degradation [51]. However, certain chondrocyte models reveal that Dex may pose a risk to the
viability of the cells themselves. 63 uM Dex was shown to significantly increase the rate of
apoptosis in chondrocytes isolated from knee cartilage of OA joint replacement patients by
decreasing ERK signaling [52]. This Dex dose was quite high, but other examples in the literature

discussed below show similar effects at doses orders of magnitude lower.

Some studies with human chondrocytes have been performed to elucidate the effect of Dex on
inflammatory pathways, though the entire picture still remains unclear. 1-100 nM Dex reduced IL-
17 induced nitric oxide (NO) synthesis, inhibiting the production of IL-6 and iNOS transcription,
suggesting a potential pathway for the anti-inflammatory effects of Dex in cartilage tissue [53].
100 nM Dex was found to decrease the transcription of the soluble IL-1 receptor antagonist (IL-
1Ra) after IL-6 exposure with human primary chondrocytes, indicating that IL-1Ra production is
not a method by which Dex could protect cartilage from damaging inflammatory factors [54]. A
phosphoproteomics study using primary human chondrocytes treated with IL-1 and 100 nM Dex
showed a decrease in the phosphorylation of JNK1 and -2 linked to the anti-catabolic effects of
Dex, suggesting a major role for JNK in regulating cartilage breakdown upon inflammatory
challenge [55]. The anti-inflammatory effects of Dex have also been attributed to its ability to
reduce the production of the (mostly) pro-inflammatory prostaglandin E» (PGE:z): in human
chondrocytes isolated from patients with OA and mouse chondrocytes stimulated with IL-1f, the
addition of 1 pM Dex reduced the synthesis of microsomal prostaglandin E synthase-1, a terminal

synthesizer of PGE» [56].
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Several studies of animal chondrocytes subjected to arthritic-like conditions, listed in Table 1.4,
are consistent with some of the findings from human cells. IL-1-challenged chondrocytes from
equine and bovine joint cartilage also showed decreased expression levels of MMP3, MMP13, and
MMP1 when treated with 100 nM Dex [41,57,58]. However, Dex had similar effects on the family
of tissue inhibitors of metalloproteinases (TIMPs), decreasing their expression levels, further
supporting the hypothesis that Dex may cause dysregulation of matrix organization beyond the
scope of MMPs alone. This dose of Dex did not rescue GAG loss in response to IL-1 stimulation
of equine chondrocytes, but did rescue collagen II loss in a model using IL-1a-challenged bovine
chondrocytes cultured in agarose gels [58,59]. Similar to the results of Glade ef al. and Datuin et
al., Sadowski and Steinmeyer found that Dex treatment (100 nM to 50 uM) depressed total protein
synthesis by up to 40% in bovine chondrocytes stimulated with IL-1, though cell viability was not
affected by Dex [35,48,57]. Roach et al. also reported that Dex did not change the anti-proliferative
effect of IL-1 treatment, and that treating the chondrocytes with Dex alone resulted in the same

inhibition of proliferation as inflammatory cytokines [59].

Dex has also been demonstrated to regulate the transcription of cyclooxygenase Il (COX2), an
inflammation-induced enzyme that produces prostaglandins, in arthritic contexts. 100 nM Dex
prevented the transcription of COX2 in primary human chondrocytes after IL-1 exposure, as well
as prevented the production of PGE», which has been a palliative target for RA treatment for years
[60-62]. However, inhibition of COX2 likely does not produce a straightforward anti-

inflammatory response, as some prostaglandins produced by COX2 can have anti-inflammatory
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effects, and even PGE; has been shown to be involved in the resolution of inflammation as well

as its induction in an RA mouse model [63].

1.7 Non-arthritic chondrocyte cultures: effects on viability and proliferation

As shown in Table 1.5, most studies with human chondrocytes show an apoptotic effect of Dex
on isolated cells in a non-arthritic context, which Liu et al. attributed to the induction of autophagy
by Dex [64—67]. In this model, a downstream effect of Dex is to increase the production of reactive
oxygen species (ROS) which trigger an autophagic response, proposed by Huang ef al. to be
regulated by ROS-induced increased p38 phosphorylation, leading to cell death [67]. However,
Shen et al. proposed that oxidative stress due to increased ROS production was the cause of
chondrocyte death, and autophagy served to protect the cells from this stress. The discrepancy
could be due to the difference in their Dex concentration used, where Liu et al. was two orders of
magnitude higher than Shen et al., but the complex interplays between these pathways, highlighted

in Figure 1.1, still remain to be clarified.

In contrast to these studies, Dragoo ef al. (2012) did not find any changes in the amount of cell
death, even at the incredibly high dose of 1.5 mM Dex [68]. Stueber ef al. reported no change in
cell viability as well, though their experiment only tested the effects of the drug for an hour, when
Song et al. reported viability changes only after 72 hours of treatment [69,70]. Dragoo et al.
reported their results after one week of treatment, however, so the discrepancy with that experiment

still remains [68].
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Mushtaq et al. were the only group to use isolated animal chondrocytes that reported the effects of
Dex on apoptosis, and found no change after 20 days of Dex treatment [71]. It is of note that these
cells were a chondrogenic teratocarcinoma cell line instead of primary chondrocytes, which may
have influenced their behavior. All three groups that used animal chondrocytes, however, reported
a reduction in the rate of cell proliferation after Dex exposure, suggesting that even if Dex did not
kill the cells, it made them more quiescent [72—74]. It is unclear why so many chondrocyte models
report an apoptotic effect that is not reflected in tissue explant cultures. This may be due to a lower
effective concentration in explants, as the drug must diffuse through the dense cartilage depending
on the duration of treatment, or a different homeostatic state of the cells themselves in a whole
tissue versus cell monolayer. Chondrocytes in monolayer culture experience an entirely different
set of external stimuli compared to those suspended in a native 3D pericellular matrix, both through
biological and mechanical signaling [75]. This could lead to a lack of external survival signals
received by the monolayer chondrocytes after Dex exposure, rendering them unable to prevent

apoptosis.

The relationship between Dex, autophagy, and cell death is further complicated by a recent study
that reported on the effects of Dex on senescence in rat knee chondrocytes. Xue ef al. found that a
range of 0.25-128 uM Dex activated autophagy and senescence in chondrocytes, and that
senescence increased after inhibiting autophagy with an mTOR inhibitor, potentially
demonstrating that Dex-induced autophagy serves to protect chondrocytes from senescence [76].
Senescence has been identified as a correlative factor for OA progression, so understanding the
relationship of the dose of Dex and its activation of autophagy, apoptosis, and senescence will be

critical to understanding how to safely use it in patients.
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1.8 Non-arthritic chondrocyte cultures: other affected pathways

Changes in the synthesis of ECM components at the cellular level alone do not seem to explain
the effect of Dex on cartilage as a whole. As shown in Table 1.6, collagen II synthesis either
decreased or did not significantly change after Dex treatment [58,70,77]. Song et al. found that
Dex decreased the synthesis of aggrecan in healthy human chondrocytes. Dex-induced suppression
of aggrecan and collagen II synthesis was confirmed by Li et al. using human chondrocytes
isolated from un-abraded regions of arthroplasty knee discards, who also found that Dex caused
mitochondrial disfunction and increased ROS levels [36]. James et al. used a RNA microarray to
assay the entire transcriptome of chondrocytes after Dex treatment, and found that ECM genes as
a whole were highly enriched in the Dex-treated group, though aggrecan and collagen II were not
in the list of the most enriched ECM genes, which included many other collagen-associated genes,

including fibronectin, matrilin, and laminin.

In healthy cartilage explant models, it was unclear whether Dex increased, decreased, or did not
affect the GAG content of the cartilage, while the results from isolated cells suggest a complicated
interplay between the regulation of ECM-remodeling factors by Dex. In one study, MMP13,
MMP1, and MMP3 were all shown to be significantly downregulated after Dex exposure but
another showed that several members of the ADAMTS family were among the most highly
enriched ECM genes after Dex treatment [58,77]. Adding to the discussion of the dysregulation of
matrix organization by Dex, Hinek ef al. reported that 100 nM Dex caused rabbit chondrocytes to
deposit more elastic fibers in a more disorganized network [78]. The relationship of the effects of

Dex on aggrecan and metalloproteinase expression and the resulting effects on cartilage tissue
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structure as a whole have not yet been elucidated, but is integral to understanding the results of
studies such as the disperse collagen networks of Jaffré ef al., as well as the safety of Dex for long-

term joint treatment [32].

Several other pathways relevant to normal cartilage function have been found to be affected by
Dex in isolated experiments. The results of the transcriptome screen done by James ef al. identified
the “metabolism” gene set as the most highly enriched in Dex-treated cells compared to control,
though no single metabolic pathway stood out as being upregulated as a whole; glutathione S-
transferases and aldehyde dehydrogenases, involved in several metabolic pathways, were some of
the most notable individual genes [77]. One study with a non-arthritic embryonic mouse
chondrocyte model found that SOX9, a transcription factor that activates chondrocyte
differentiation, was upregulated after 100 nM Dex treatment for 48 hours [79,80]. In the study by
Song et al. with adult human chondrocytes, however, the opposite effect was observed, which
suggests that the effects of Dex could be dependent on the developmental state of the cells, just as
with the differences noted by Bian et al. with juvenile versus adult bovine tissue, different types

of cartilage used, or possibly a difference between species [46,70].

One troubling finding reported an increase in calcium pyrophosphate dihydrate (CPPD) crystal
deposition in porcine chondrocytes caused by 96 hours of 10 nM to 1 uM Dex exposure hours as
a result of the upregulation of transglutaminase activity. CPPD crystals are suspected to contribute
to joint damage in osteoarthritis; thus, while Dex may help preserve the PG and collagen structure
of arthritic cartilage, it may also initiate other cell-mediated processes that become detrimental to

joints [81].
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1.9 Discussion

The results of studies using Dex both in vivo and in vitro are highly dependent on the model
system, dosage, and duration of Dex exposure. Understanding appropriate doses for
glucocorticoids, in general, is vital to performing and comparing the results of clinical trials. For
example, two separate trials studied the symptomatic benefits of triamcinolone (TA) on patients
with knee OA (Kellgren-Lawrence grades 2 or 3); while Conaghan et al. found beneficial effects
at 12 weeks using a single 32 mg dose of i.a. extended-release TA, McAlindon ef al. used 40 mg
1.a. injections of TA every three months for two years, and reported a significant increase in
cartilage volume loss [6,10]. It is difficult to assess whether the differences in these outcomes are

due to total dose, duration of treatment, or both.

Biological processes in cartilage that have been identified as being affected by Dex are highlighted
in Figure 1.1. While the results of studies on ECM synthesis in healthy isolated chondrocytes are
inconsistent, chronic administration of Dex at high doses was shown in some in vivo studies to
have catabolic effects on initially healthy tissue [35,37,38,58,70,77]. However, Dex may offer
protection against the degenerative effects of arthritic diseases on ECM structure. At the tissue and
cell level Dex was shown to inhibit the production of matrix-degrading factors, rescuing matrix
breakdown in arthritic contexts [16—18]. While ECM content may be maintained, there may still
be disruption of the matrix structure itself due to the dysregulation of cell-mediated remodeling
factors, the effects of which on cartilage tissue in the long-term remain to be studied [32]. One of
the greatest challenges in comparing the results of various studies is the variety of model systems

being used: isolated chondrocytes versus cartilage explant organ culture, or co-culture of different
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joint tissues, versus animal models and human clinical trials. While chondrocyte monoculture is
useful for easier interrogation of molecular pathways, this approach cannot recapitulate the
complex interactions of cells within their native 3D tissue matrix or between the different tissues
of the joint. Even cultures incorporating chondrocytes suspended in a hydrogel to recapitulate the
earliest stages of a 3D neo-tissue environment do not capture the same processes as that occur in
native tissues due to the differences in the composition of the ECM, which complicates conclusions

drawn about ECM synthesis and remodeling [82].

The overall effects of Dex on cellular metabolism and viability remain unclear, as there are reports
of both high and low doses of Dex either reducing or maintaining cell viability. Dex was shown to
protect cartilage viability in an IL-1 challenge of bovine cartilage explants, but many studies using
isolated chondrocytes report significant losses of cell viability after Dex exposure [18,64—66,70].
One mechanism that may underlie loss of cell viability is the dysregulation of metabolism triggered
by Dex, leading to upregulation of ROS within the chondrocytes. This process can trigger an
autophagic response, and there currently exist conflicting reports in the literature on whether
autophagy is the cause of chondrocyte apoptosis after Dex exposure or protective against ROS-
induced apoptosis in OA, and the answer likely depends on the dose of Dex used [65]. ROS
generation has been linked to catabolic effects in OA, so the dose-dependent balance of ROS and
autophagy in whole cartilage under arthritic conditions must be better understood [83]. This, as
well as the increase in CPPD crystal formation after Dex treatment reported by Fahey et al., could
worsen the progression of the disease, and more work must be done with human tissue to determine

the extent of the risk [81]. Autophagy is suppressed in arthritic contexts, so the pro-autophagic

28



response of Dex may serve to restore healthy homeostatic mechanisms and protect cartilage tissue

[84].

Dex and other corticosteroids also affect energy metabolism of tissues including cartilage: 10 uM
cortisol was shown to decrease glucose uptake by chondrocytes isolated from patients with OA,
with or without interleukin-1 beta (IL-1B) stimulation [85,86], and Dex has been shown to
modulate glucose levels systemically as well as locally within tissues by stimulating
gluconeogenesis [85,87]. Glucose metabolism is shifted towards glycolysis in early OA, which
can lead to the production of more damaging ROS due to increased ATP production. If Dex
stimulates gluconeogenesis in cartilage under disease stress, this may help to alleviate the oxidative
stress on chondrocytes, but also potentially disrupt energy production required for anabolic
responses. Systems-level analyses of the Dex effect on cartilage energy metabolism, both for the
glucose processing pathway and others important to cartilage function, are necessary to fully
understand its effects on cartilage tissue and possible off-target effects. Side effects of Dex may
also be ameliorated by combination treatments with other drugs such as antioxidants that combat
its effects on metabolism, a combination that has already shown, in vivo, to improve the therapeutic
capacity of Dex alone [88]. Pro-anabolic drugs like insulin growth factor-1 (IGF-1) have also been
shown to rescue human ankle cartilage biosynthesis, suggesting it may also be a candidate for

combination treatment with Dex to complement the anti-catabolic effects of the steroid [18,89].

Studies with isolated cells seem to agree that that Dex can reduce proliferation, which was also

seen with higher Dex doses in cartilage tissue [48]. The anti-proliferative effect of Dex would be

of great concern when treating young patients, as cartilage development could be disturbed upon
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Dex exposure [48,72—74]. Importantly, it is not known under what conditions and doses Dex drives
cells towards quiescence, senescence, or apoptosis. It has been shown in vitro and in vivo that Dex
exposure activates the p53/p21 pathway in tenocytes, a driving pathway towards senescence,
though the effects of Dex on this pathway in cartilage are still unknown [90]. If Dex-induced
reduction in proliferation as measured by *H-thymidine incorporation is a result of a shift towards

senescence, it could negatively affect the ability of cartilage tissue to respond to future challenges.

One aspect of Dex treatment that has not been well-explored in the literature is the duration of
specific cell and tissue responses after a given exposure to Dex. Some studies have been performed
with other GCs, such as that of Behrens ef al. using rabbits injected every week with 25 mg
hydrocortisone for nine weeks [91]. 26 weeks after hydrocortisone injections were stopped,
metabolic rates increased towards normal along with an increase in cell proliferation, which was
attributed to cells replicating to replace those killed by the multiple high-dose steroid injections,
and the remaining cells restoring a more normal biosynthetic capacity. However, the extent to
which the disrupted remodeling of the ECM can be rescued after such aggressive steroid treatment
has not yet been explored, so it is unknown how the effects of the disruption of tissue remodeling

factors may last, and whether this could render the tissue more prone to disease in the future.

A question that must be discussed when studying any aspect of arthritis in vitro is whether the
results would be different in a model of the entire joint, taking into account the cross-talk between
cartilage, joint capsule synovium, bone, and immune cells [92]. The disease-modifying potential
of Dex does not depend only on its effects on cartilage, but on the state of the joint as a whole.

Dex was shown to reduce the transcription of some inflammatory cytokines in cartilage explants
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under arthritic stress, which would protect not only cartilage viability but potentially reduce
inflammatory reactions of the surrounding joint tissues [16]. As mentioned above, Dex reduces
the production of MCP-1 in chondrocytes, reducing the potential for macrophage infiltration in
RA, a possible mechanism of reducing RA disease progression [93]. Dex also reduces cytokine
expression by macrophages in an inflammatory environment, providing a potential protective
mechanism against cytokine-induced damage in RA [94]. The ROS-producing effect of Dex, while
linked to apoptosis in chondrocytes, serves to increase the T-cell suppressive capacity of anti-
inflammatory macrophages, which has been associated with reducing the severity of RA in a
mouse model [95,96]. The synovium also secretes a large quantity of inflammatory cytokines
immediately following a traumatic joint injury, a process which Dex was shown to suppress in a
rabbit model of post-traumatic OA, contributing to its apparent chondroprotective action [27]. In
vitro human cartilage-bone-synovium co-culture models of PTOA have highlighted the potential
of Dex in reducing cytokine release by synovium explants, and thereby inhibiting proteolytic
aggrecan-GAG loss from cartilage [97,98]. Dex also inhibits the production of cyclooxygenase-2
(COX-2) in the synovium in response to IL-1, a non-disease modifying process that has been used

in several drugs on the market for treating OA and RA symptoms [99—-101].

One of the most serious side effects of chronic GC treatment in humans is bone loss, which also
occurs during arthritis progression [102—104]. After Dex treatment, healthy bone metabolism is
affected, leading to changes in remodeling and eventual bone density loss and a reduction in load
potential [105]. It is unclear whether Dex worsens the progression of osteoporosis in arthritic
animal models, but it is nonetheless worth exercising caution when considering the balance of side

effects versus potential therapeutic gains [22,103,106]. Dex also has been shown to stunt growth
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of developing bone and cartilage, explaining the effects of growth retardation and osteopenia seen
in children treated with extended doses [34,107]. The joint space is surrounded by fibrous synovial
joint capsule, which contains synoviocytes and inflammatory cells that communicate with cartilage

and bone during OA development and contribute to joint damage through inflammation [108,109].

Therapeutic treatment for musculoskeletal injuries, broadly encompassing cartilage, bone,
synovial joint capsule, and muscle tissue, are of great interest on Earth as well as in space. The
potential chondroprotective effects of Dex could potentially be applied before or during spaceflight
missions, whether for astronauts stationed on the International Space Station (ISS) or for future
travelers as commercial spaceflight is becoming more of a reality. In space, the lack of gravity and
high radiation can contribute to musculoskeletal atrophy, including structural changes to the
intervertebral disk, and these conditions may also affect cartilage homeostasis and its ability to
respond to disease [110,111]. Currently, astronauts on mission on the ISS exercise frequently to
combat bone and muscle degeneration in space, and perform many mission activities that put them
at higher risk of a musculoskeletal injuries that could contribute to PTOA or OA progression [112—
116]. Drugs that can prevent disease progression after an injury like Dex have potential application
in these conditions, but any differences in their response in the environment of space have not yet

been studied.

Finally, given the need for low dose treatment without use of multiple i.a. injections, improved
drug delivery techniques are critically important for therapeutic treatment of OA/PTOA.
Developing tools such as nanocarriers or functionalized protein carriers to aid in delivery of Dex

to the cartilage tissue specifically will allow the drug to be given in single injection low-dose
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modalities, which may prevent its negative effects on cartilage tissue as well as systemic side
effects. Methods of modulating the anti-inflammatory effects of Dex and targeting the drug to
specific tissues are currently being explored with positively charged protein or carbohydrate
carriers [117—-120], microspheres [121,122], biomaterial carriers designed to reside long-term in
the joint space [123,124], and methods of controlling release based on near-infrared light exposure,

temperature, and ROS levels [125-127].

1.10 Thesis outline

The objective of this thesis was to use systems-level analyses to understand the effects of
dexamethasone on cartilage homeostasis and metabolism using bovine and human models of post-
traumatic osteoarthritis that investigate disease and drug effects on cartilage alone, as well as in
co-culture systems with bone and synovial joint capsule.

In Chapter 2, the release of proteins from bovine knee cartilage explants in an ex vivo model
of post-traumatic osteoarthritis was followed, and proteins upregulated with injury and cytokine
treatment identified as potential disease biomarkers. The effects of Dex on these disease responses,
including the suppression of catabolism and dysregulation of immune signaling, were explored.

In Chapter 3, proteomic data from bovine and human cartilage models of post-traumatic
osteoarthritis were clustered based on the kinetics of their release from cartilage under disease
stress and with Dex treatment. Early disease biomarkers were identified and Dex was shown to
restore most proteins to their control kinetic behavior.

In Chapter 4, post-traumatic osteoarthritis progression was studied in a novel ex vivo

human osteochondral model system from healthy donors, and cartilage and bone homeostasis were
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quantified at the biochemical and proteomic level. Protein biomarkers of donor-specific Dex anti-
catabolic responses were identified.
In Chapter 5, the major findings of all studies are summarized and future directions are

discussed.
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Figure 1.1. Biological processes identified as being affected by Dex either in healthy or diseased cartilage in
studies using in vivo models, cartilage explants, or chondrocyte monoculture. Dex has been shown to affect matrix
organization at the level of both ECM and protease synthesis, though studies often disagree on the specific up- or
downregulation of ECM specific components. There is a general consensus that, under arthritic stresses, Dex prevents
the upregulation of protease synthesis, which can prevent matrix loss. However, at higher doses in healthy cartilage,
it is suggested that Dex may increase the rate of matrix degradation or the organization of the matrix itself. This could
be due to effects on matrix components and proteases, or due to intracellular effects on metabolism and the production
of reactive oxygen species that activate autophagy and lead to significant cell death. Data from studies in vitro have
suggested that Dex maintains cell viability under arthritic stress, which could be linked to a Dex-induced reduction in
inflammatory cytokine synthesis. Alternatively, the metabolic processes that Dex dysregulates in healthy tissue could
serve to rescue changes in those processes after the initiation of arthritis. While the induction of autophagy in healthy
tissue could lead to chondrocyte death and subsequent matrix breakdown, autophagy has been shown to be suppressed
in arthritic contexts, so Dex could serve to rescue these cellular processes in a diseased state. It remains to be seen
whether Dex inhibits proliferation under arthritic stress and what role this might play in disease progression, and
whether the phenomenon of Dex-induced reduction of proliferation in healthy cartilage is due to cells becoming
quiescent or senescent. Each possibility would have a significantly different biological outcome on cartilage exposed
to Dex for an extended period of time.
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. o Frequency and
Authors Year Animal | Arthritis Dex dose Duration route of Observed
model model . . . effect
administration
thl::;bner 2014 Rabbit Yes 0.5 mg/kg 3wk Once/3 days, i.a. +
Heard et al. 2015 Rabbit Yes 0.5mgkg 48 h-9 wk Once, i.a. +/-
Chen et al. 2021 Mouse Yes 5 mg/kg 4-12 wk 3/wk, i.a. -
Celvin et al. 2020 Mouse Yes 0.25 mg/kg 14d Daily, i.p. +/-
Islander etral. 2010 Mouse Yes ~5 mg/kg ~25d Daily, i.p. +
Rauchhausef 509 \ouse Yes 0.4-4 7d Once, i.v. +/-
al. mg/kg
Bai et al. 2021 Rat Yes 0.02 mg 6 wk 1/wk, i.a. +
gl:lllltakangas 2021 Rat Yes 0.1 mg/kg 8d Once, i.a. =
Wang et al. 2017 Rat Yes 0.15 mg/kg 7d Daily, oral gavage +
L gl o7 Once, oral gavage
Malfait eral. 2009 Rat Yes 0.001 - 1 16 h > Ofa. gavag i
or 1.v. infusion
mg/mL
Ashraf et al. 2011 Rat Yes 0.1 mg/kg 24 d Daily, oral gavage +
Jaffré et al. 2003 Rat Yes 0.1 mg/kg 5-21d Daily, i.a. +/-
Lietal. 2022 Rat No 0.5 mg/kg 8 wk 2/wk, i.a. -
Annefeld and 1987 Rat No 3 3 wk 1/wk, i.m. _
Erne
Podbielski 1/wk, i.m.
and Raiss 1985 Rat No 3.3 mg/kg 3-5 wk -
Glade et al. 1983 Horse No 0.005 3-11 mo Daily, L.m. -
mg/kg

Table 1.1. Dex studies in animal models summarizing model used, Dex dosage and duration, frequency and
administration route of Dex treatment, and overall observed effect. i.a.: intra-articular injection. i.p.: intra-peritoneal
injection. i.v.: intravenous injection. i.m.: intra-muscular injection. (+) indicates a positive effect on cartilage and/or
arthritis progression, (-) indicates a negative effect, (+/-) indicates some positive results alongside negative side effects,
and (=) indicates no change from vehicle.
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Authors Year Tissue Disease stimulus Dex dose Duration Observed
type effect
Chan et al. 2022 Human Synovial co-culture 100 nM 7d +
aAlrab‘yat 2020  Bovine TNFa, 25 ng/mL 100 nM 6d +
ge:;e:naras 2018 Porcine Mechanical impact 4 mg 8 hr +
TNFa, 100 ng/mL +
Wang et al. 2017 Human IL-6, 50 ng/mL 100 nM 21d F
Li et al. 2015 Human IL-1a, 1 ng/mL 100 nM 24d +
Bovine IL-1a, 1 ng/mL 100 nM 24 d +/=
TNFa, 100 ng/mL +
Lu et al. 2011 Human IL-6, 50 ng/mL 10 nM 6d A
. TNFa, 25 ng/mL +
Bovine IL-6, 50 ng/mL 10 nM 6d 4
Busschers . 100 nM-1 -
et al. 2010 Equine IL-1B, 5 ng/mL uM 72 h +/=
Garvican et . IL-1, 10 ng/mL + 1-100
al. 2010 Equine APC, 10 pg/mL uM 4d +/-
. . IL-1a, 1 ng/mL + 0.1-100
Saito et al. 1999 Rabbit plasminogen, 100 pg/mL oM 7d +

Table 1.2. Dex studies using explants from human or animal cartilage in models of arthritis. Summary of Dex
concentration, duration of culture, stimulus used to model arthritic conditions, and observed effect on measurements
associated with arthritis progression. APC: activated protein C. (+) indicates a rescue of arthritis-induced effects, (+/=)
indicates rescue of only some effects, and (+/-) indicates rescue of some effects while worsening others. *Genemaras

et al. used a whole joint harvested post-mortem.
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Authors I Year I Tissue type I Dex dose I Duration I Observed effect
Siengdee et al. 2015 Porcine 1.25 -5 mM 2 wk -
Lu et al. 2011 Bovine 10 nM 6d =
Bian et al. 2010 Bovine 0.1 uM 4 wk +/=
Busschers et al. 2010 Equine 100 nM-1 uM 72 h -
Datuin et al. 2001 Tilapia 0.25nM -2.5 uM Not reported -

Table 1.3. Dex studies using cartilage explants in non-arthritic model systems. Summary of Dex concentration,
duration of culture, and overall observed effect on cartilage. (=) indicates no change in measured outcomes, (+/=)
indicates some healthy effects and some outcomes that did not change, and (-) indicates adverse effects on the cartilage
tissue.

38



Authors I Year I Cell type I Cytokine treatment I Dex dose I Duration
Pemmari et al. 2020 Human, OA N/A 1 uM 24 h
Tuure et al. 2019 Human, OA N/A 1 uM 90 min — 24 h

Mouse IL-1B, 100 pg/mL 1 uM 90 min — 24 h

Wang et al. 2017 Human IL-1, 10 ng/mL 100 nM 30 min
Tu et al. 2013 Human, OA N/A 63 uM 48 h
Stove et al. 2002 Human, OA IL-1B, 0.1 ng/mL 100nM-10 uM 1 wk

IL-1pB, 10 ng/mL
Palmer et al. 2002 Human, OA o 046, 11000 sl 100 nM 18 h
Shalom-Barak 1998 Human IL-17, 10 ng/mL 1-100 nM 48 hr
Villiger et al. 1992 Human IL-1, 10 ng/mL 100 nM S5h
Roach et al. 2016 Bovine IL-10, 10 ng/mL 100 nM 35d
Busschers et al. 2010 Equine IL-1B, 5 ng/mL 100 nM-1 uM 24 h
Richardson IL-1B, 10 ng/mL
and Dodge 2003 Horse or TNFa, 25 ng/mL 10nM-1 M 24h
Sadowski and 2001 Bovine IL-10, 0.5 ng/mL 100 nM-=50 48h
Steinmeyer uM

Table 1.4. Dex studies using chondrocytes isolated from arthritic patients and/or cultured with inflammatory
cytokines. Summary of cell source (OA: from patient with symptomatic OA), inflammatory cytokines used to model
arthritic conditions, Dex concentration, and duration of culture.
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Authors I Year I Cell type I Dex dose Duration I Effect on viability
Huang at al. 2018 Human 1 uM 24 h -
Shen et al. 2015 Human 1 puM, 10 pM 24 h -
Liu et al. 2014 Human 100 uM 72 h -
Zaman et al. 2014 Human 1 uM 24-72 h -
Song et al. 2012 Human 20-200 uM 24 h-1w -
Stueber et al. 2014 Human 10 puM-1 mM 1h =
Dragoo et al. 2012 Human 1.5 mM Iw =
Authors Year Cell type Dex dose Duration Ef‘fect on
proliferation
Mushtaq et al. 2002 Mouse 10 nM-1 uM 20d -
Miyazaki et al. 2000 Rat 0.1 nM-100 pM 36 h -
Hainque et al. 1987 Rabbit 10 nM-100 uM 24 h-2 w -
gnor and 198  Mouse nyi 24h .

Table 1.5. Results on cell viability and proliferation after Dex treatment on primary chondrocytes in non-arthritic
model systems. (-) denotes a decrease and (=) denotes no change from control.
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Authors I Year I Cell type I Dex dose I Duration I Effect on RNA expression

-collagen II, -ACAN, +MMP13,

Li et al. 2022 Human 250, 500, 1000 nM 48 h +MMP3, +ADAMTS4,
+ADAMTSS

Song et al. 2012 Human 20 - 200 uM 24 h-1 wk - ACAN, - collagen II

James et al. 2007 Mouse 100 nM 24 h + ECM genes

Richardson . - collagen II, - MMP13, - MMP1,

and Dodge 2003 Equine 10nM -1 uM 24h - MMP3, + fibronectin

Table 1.6. ECM-related gene expression of primary chondrocytes after Dex exposure. (+) denotes an increase, (-)
denotes a decrease, and (=) denotes no change from control. James et al. used an ECM gene set from the GSEA
database [128].
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Abstract:

Objectives: In this exploratory study, we used discovery proteomics to follow the release of
proteins from bovine knee articular cartilage in response to mechanical injury and cytokine
treatment. We also studied the effect of the glucocorticoid Dexamethasone (Dex) on these

responses.

Design: Bovine cartilage explants were treated with either cytokines alone (10 ng/ml TNFa, 20
ng/ml IL-6, 100 ng/ml sIL-6R), a single compressive mechanical injury, cytokines and injury, or
no treatment, and cultured in serum-free DMEM supplemented with 1% ITS for 22 days. All
samples were incubated with or without addition of 100 nM Dex. Mass spectrometry and western
blot analyses were performed on medium samples for the identification and quantification of

released proteins.

Results: We identified 500 unique proteins present in all three biological replicates. Many proteins
involved in the catabolic response of cartilage degradation had increased release after
inflammatory stress. Dex rescued many of these catabolic effects. The release of some proteins
involved in anabolic and chondroprotective processes was inconsistent, indicating differential
effects on processes that may protect cartilage from injury. Dex restored only a small fraction of

these to the control state, while others had their effects exacerbated by Dex exposure.

Conclusions: We identified proteins that were released upon cytokine treatment which could be
potential biomarkers of the inflammatory contribution to cartilage degradation. We also
demonstrated the imperfect rescue of Dex on the effects of cartilage degradation, with many

catabolic factors being reduced, while other anabolic or chondroprotective processes were not.
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2.1 Introduction

While glucocorticoids have been used for over 50 years to treat osteoarthritis (OA) pain, the
prescription of glucocorticoids remains controversial because of potentially harmful side effects
to multiple joint tissues, especially cartilage. One glucocorticoid, Dexamethasone (Dex) has been
demonstrated to rescue the loss of aggrecan and collagen constituents as well as chondrocyte
viability in human and bovine cartilage explant models of inflammatory tissue injury and post-
traumatic OA (PTOA) [16,18], suggesting the possibility of Dex as a disease-modifying drug.
However, literature covering the effects of Dex on cartilage reveals conflicting results on the
drug’s safety profile [129]. Importantly, the anti-catabolic versus pro-catabolic effects of Dex on
the cartilage extracellular matrisome, as well as the fate of intracellular proteins in the presence of
tissue injury, remain unexplored. The goals of the present study are to utilize a discovery
proteomics approach to quantify the loss of extracellular and intracellular proteins from cartilage
explants subjected to inflammatory cytokine challenge and impact mechanical injury, and to

determine whether Dex protects against or exacerbates the response.

Li et al. [18] demonstrated in an interleukin-1 (IL-1) challenge of full-thickness near-normal
human cartilage explants that culture with 100 nM Dex continuously over a 17-day treatment
rescued sulfated glycosaminoglycan (sGAG) loss and maintained more viable cells, relevant to
potential PTOA prevention. Dex also rescued the cytokine-induced decrease in sGAG synthesis in
this disease model, though not reaching control levels. These results showed beneficial effects of
Dex on cartilage metabolism and extracellular matrix (ECM) synthesis in a model of early PTOA.
Using human tissue in a tumor necrosis factor alpha (TNFa), interleukin-6 (IL-6), and single

compressive injury challenge of normal human knee explants, Lu et al. [16] found that continuous
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Dex treatment rescued sGAG loss. In a similar cytokine model, a targeted proteomics approach
identified increased levels of ECM components released to the media, including aggrecan,
cartilage oligomeric matrix protein (COMP), and collagen III, compared to untreated explants

[130].

At the same time, deleterious effects of Dex on cartilage tissue have been reported. Several studies
using isolated human chondrocytes showed that even low doses of Dex can cause cell death and
reduce cell proliferation, suggesting potential cytotoxic and catabolic side effects. However, the
observed effects of Dex depends greatly on dose, model, duration of treatment and context (e.g.,
isolated cells versus intact cartilage). Thus, study conclusions often differ greatly, even when

studying intact cartilage explants, complicating the discussion of safety and efficacy of Dex [129].

These disparate results on cartilage tissue response to Dex have typically focused on select few
matrix macromolecules without the benefit of a more encompassing view that could be provided
by a systems-level analysis of changes to cartilage. Thus, the specific objectives of the present
study are to (1) use a global discovery proteomics approach to quantify the effects of inflammation
and mechanical impact injury on cartilage explants, and (2) study the effects of Dex in the presence
and absence of inflammatory and injurious mechanical challenges. We believe this approach can
lead to an increased understanding of the potential benefits of a glucocorticoid such as Dex, as
well as the identification of biomarkers of cartilage degradation in the presence and absence of

such treatments.

45



2.2 Materials and Methods

2.2.1 Explant harvest and culture

Cartilage disks (3 mm x 1 mm thick including the intact superficial zone) were harvested from the
femoropatellar grooves of 1-2-week-old bovines (Research ’87, Boylston, MA) as described [18],
Figure 2.1. One knee joint from each of three different animals were used. After harvesting,
explant disks were pre-equilibrated for two days in serum-free medium (low-glucose phenol-red
free Dulbecco’s Modified Eagle’s Medium (DMEM), ThermoFisher Scientific) supplemented
with 10 mM HEPES buffer (Gibco), 2 mM L-Glutamine (Gibco), 0.1 mM nonessential amino
acids (Sigma), 0.4 mM proline (Sigma), 20 pg/ml ascorbic acid (Sigma), 100 units/ml penicillin
G, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B (Sigma), and 1% insulin-transferrin-

selentum (10 pg/ml, 5.5 pg/ml, and 5 ng/ml, respectively; Sigma).

2.2.2 Explant treatments

After pre-equilibration, samples were treated for 22 days as in Figure 2.1: no treatment (N),
mechanical injury at day 0 (a single unconfined compression at 50% final strain, 100%/s strain
rate, followed by immediate release at the same rate [131]; treatment I); cytokines (10 ng/ml
recombinant human TNFa, 20 ng/ml recombinant human IL-6 and 100 ng/ml sIL-6R (R&D
Systems); treatment C); injury+cytokines (treatment IC), with all four treatment groups
additionally receiving 100 nM Dex (treatments D, ID, CD, and ICD, respectively). Medium

changes were carried out every two days and collected medium was stored at -80°C until analysis.

2.2.3 Mass spectrometry preparation and identification
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Culture medium (50 pL) from days 4, 8, 12, 16, and 20 (Figure 2.1) was prepared for mass
spectrometry (MS) analysis as described [130]. Discovery MS was performed on medium samples
using a quadrupole Orbitrap benchtop mass spectrometer (Q-Exactive, Thermo Scientific).
Identification was performed using the UniProt Bos Taurus database (UP_000009136, 2017-10)
with Proteome Discoverer 2.2 (Thermo Scientific). The protein false discovery rate (FDR) was
0.01. Label-free protein abundance quantification was obtained by summing peak area intensities

from multiple unique peptides for each protein.

2.2.4 Data analysis

Proteins identified in all three animals were filtered, keeping only proteins identified and
quantified in at least 5% of samples. Assuming that missing values were due to low abundance,
missing values were imputed using quantities equal to half the lowest identified abundance for
each protein. Abundance data were log>-transformed and principle component analysis (PCA) was
performed on treatments N, I, C, and IC using the "prcomp" function in the R-package factoextra,
with ‘center’ and ‘scale’ set to true to z-score values. Pairwise comparisons between treatments
were performed on the summed peptide abundance over all five timepoints. Statistical analysis
was performed using the R package limma, comparing log>-fold changes within each animal [132].
P-values were obtained using empirical Bayes statistics. Adjusted p-values were calculated using

the Benjamini-Hochberg method with a g-value of 0.05.

2.2.5 Grouping of shared protein responses

Proteins were classified into three groups based on their response to treatments C and IC compared

to control. The grouping criteria were: (I) decreased release in treatments C and/or IC, (II)
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increased release by treatment C alone, or (III) increased release in IC with or without increased
release in C. Proteins were selected if they had a differential effect from the control (»<0.05) and
were present in at least three timepoints for one treatment condition across all three animals.
Grouping criteria were based on patterns identified with hierarchical clustering of proteins with
differential release from control, and validated against the raw, non-imputed data by two operators

(AS, PO).

2.2.6 Enrichment analysis

Because of limitations in the annotation of the bovine proteome, we translated bovine accession
numbers into human equivalents using blastp protein searches [133]. Enrichment analysis was
performed by searching the Gene Ontology (GO) and STRING databases for biological process,
molecular function, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [134—
136]. Protein subcellular localization was determined via UniProt annotation [137]. P-values for
intra- and extracellular groupings were determined through bootstrapping with all differentially

expressed proteins as background and 10,000 repeats to generate estimated distributions [138].

2.2.7 Biochemical and Western blot analysis of aggrecan and cartilage oligomeric matrix

protein (COMP) fragments

The amount of sSGAG released to the culture medium over the 22-day culture was determined using
the 1,9-dimethylmethylene blue assay (DMMB) [139]. The same samples were deglycosylated
with chondroitinase ABC, keratanase and keratanase II as described [140], with the exception that
keratanase II incubation was done for 3 hours with 0.01 mU/ug sGAG. Deglycosylated samples

were precipitated and electrophoresed as described [141], separated by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. Immunoreactions were performed using anti-ARGS aggrecan neoepitope
antibodies [142] or anti-G3 aggrecan polyclonal antibodies (all tested for specificity [143],) and
immunobands were visualized with secondary horse anti-mouse peroxidase-conjugated antibodies

using enhanced chemiluminescence (ECL).

The breakdown of COMP was analyzed as described [144,145]. Twenty microliters of culture
media were taken every second day from a separate set of bovine explant cultures (treatments N
and IC, in the presence and absence of the combination of 100 nM Dex and continuous dynamic
compression (10% strain amplitude, described previously [131])). Samples were separated by
SDS-PAGE, transferred to a nylon membranes and incubated with rabbit anti-bovine COMP
polyclonal antiserum [145]. Immunobands were visualized with secondary peroxidase-conjugated

antibodies using ECL. Purified bovine COMP [145] was used as a reference.

2.3 Results

MS analysis identified 671 proteins; 500 proteins were found in all three animals (Figure 2.2A).
The raw data are available via ProteomeXchange with identifier PXD020756 [146]. After filtering
as described in Methods, the data set was reduced to 456 proteins. PCA clustering on log:-
transformed abundance data (Figure 2.2B) revealed cytokine treatment as the major determinant
of medium composition: one cluster is seen for control and injury (N, I) and another cluster for
samples treated by cytokines with and without injury (C, IC). Mechanical injury only (treatment

I) had a marginal effect on this cytokine-dependent clustering. Therefore, treatment I was excluded
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from the grouping criteria because of the low number of proteins significantly affected by that

treatment and its similarity to control.

2.3.1 Comparison between explant treatments

Pairwise comparison between treatments showed a major effect of treatments C and IC: 175
proteins (149 up, 26 down) and 115 proteins (94 up, 21 down) respectively, were observed to have
a difference from control. 195 proteins in total had a differential effect of treatments C and IC
versus control, and 88 proteins had a differential effect of Dex on control, cytokines, or
injury+cytokines (FDR = 0.05). After filtering for proteins present in at least one consistent
treatment condition across all three animals, there were a resulting 188 proteins differentially

released by treatments C or IC (Figure 2.3).

2.3.2 Protein selection into similar signal-response groups

The 188 filtered proteins were classified into three response groups (Table 2.1), illustrating
treatment effects as well as the effects of Dex intervention. Compared to control, 156 proteins
(83% of the 188 selected proteins) had increased release in conditions C and IC, while 32 proteins
(17%) were decreased. We selected one representative protein from each response group with a
clear representation of that group’s trend to illustrate treatment effects in the presence and absence
of Dex: type II collagen (COL2AT1), phosphoglycerate kinase 1 (PGK1), and collagenase-3 (MMP-
13) (Figure 2.4A-C). We further categorized the most highly enriched GO annotations for
biological process and molecular function. Groups I and III had a high proportion of extracellular

proteins (67% and 51% (p<0.0001), respectively, versus 42% for the entire population of 188
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proteins). Group II was enriched (p<0.0001) for intracellular proteins (78% versus 47% in the

entire population), while consisting of only 4% extracellular proteins.

2.3.3 Protein network analysis

STRING network analysis revealed two small network interaction clusters for proteins in Group [
(Figure 2.5A): ECM-related proteins including collagens II and IX, and a cluster enriched for
protein metabolism and IGF transport and uptake. The network map for Group II (Figure 2.5B)
consisted of one large, highly interconnected cluster enriched for immune and RNA-metabolizing
proteins, as well as a diverse subset of proteins involved in metabolic processes, including
glycolysis, redox homeostasis, endoplasmic reticulum function, and protein synthesis. The
pathways enriched in the largest cluster of Group III were ECM organization and the immune

system, with a distinct cluster of histone proteins (Figure 2.5C).

2.3.4 Dexamethasone treatment

The effects of Dex on the release of the 188 selected proteins to the medium is shown in Table
2.1. Compared to treatments without Dex, 34 proteins (18%) had significantly decreased signal in
the presence of Dex, while 11 proteins (5.4%) had increased signal. In the largest protein group
(III), 31 of the 92 proteins (34%) showed reduced release following Dex treatment. A small
number of proteins experienced an effect in every condition with Dex compared to that condition

without Dex (Table 2.1), exemplified by connective tissue growth factor (CTGF) in Figure 2.4D.
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2.3.5 Release of aggrecan and COMP fragments

Cytokine and injury treatments had no effect on the release of aggrecan fragments by proteomic
analysis, but were evaluated in parallel by the DMMB assay for sGAG release (Figure 2.6A).
Treatments C and IC caused a 2- to 3-fold increase in sGAG release compared to controls; this
release was significantly reduced by addition of Dex. Western blot analysis supported these
findings indicated by the release of aggrecanase-generated ARGS-CS2 fragments (Figure 2.6B),
and by the release of smaller aggrecanase generated G3-CS2 fragments [143] upon treatment with
cytokines and injury+cytokines (Figure 2.7). The release of these aggrecan fragments was rescued

by treatment with Dex.

While our MS analyses of COMP release in the present study indicated no clear treatment effects
(Figure 2.4E), Western blots indicated a dramatic increase in COMP degradation manifested by
the release of smaller COMP fragments after addition of injury+cytokines and a partial

amelioration of COMP fragment release upon Dex treatment (Figure 2.8).

2.4 Discussion

This study incorporates a global discovery approach to characterize the effects of inflammation
and mechanical injury on cartilage explants, including the role of therapeutic intervention with
Dex. This glucocorticoid treatment has been used with intra-articular injection for treatment of
arthritic or post-surgery knee pain [147,148] with sometimes disappointing results [ 14], due in part
to rapid clearance from the joint space before penetration into cartilage [119,149,150]. In some

clinical trials with glucocorticoids, very high, frequent doses were used, leading to adverse effects
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such as a reported decrease in cartilage volume without any reduction in knee pain [10]. However,
ex vivo explant studies have shown that sustained low doses of Dex can rescue sGAG loss, reduce
proteolytic enzyme synthesis, and maintain chondrocyte viability under inflammatory cytokine

challenge [18].

The present study is based on label-free protein quantification allowing a semi-quantitative
estimation of relative protein abundances. Cytokine treatment, in particular, exhibits a large effect
on proteins released into the explant culture media, while treating with mechanical injury alone
has a small effect, as demonstrated by the overlap of the two treatments in PCA space (Figure

2.2B).

2.4.1 Catabolic processes are activated under arthritic stress:

After an acute joint injury, the progression of PTOA is initiated by an early response characterized
by the production of inflammatory factors and proteases, including MMPs, in reaction to
inflammatory stress and chondrocyte death [151]. The transport into cartilage of inflammatory
factors released from the synovium is thought to be further enhanced by microdamage to the
cartilage surface caused by mechanical impact [152]. Together, these changes lead to progressive

degeneration of the ECM which can cascade into irreversible matrix loss and PTOA [153].

In our model, we confirmed the PTOA-like effects of IL-6 and TNFa on bovine cartilage explants

by examining the release of sGAGs over the three-week course of the experiment (Figure 2.6A).
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We found an increased cumulative release of sGAG into the culture media upon cytokine
treatment, consistent with previously published data from a similar experiment [16]. The sGAG
release is associated mainly with proteolysis of aggrecan, as confirmed by release of ARGS-CS2

and G3-CS2 fragments (Figure 2.6B).

2.4.2 Groups II and III demonstrate cartilage catabolic response to inflammatory and

mechanical stress

Group III, proteins with increased release after exposure to inflammatory cytokines with or without
applied injury, best represents the catabolic response of cartilage to PTOA stress. This group is the
largest and represented by MMP-13 (Figure 2.4C), an active protease in the breakdown of a range
of cartilage proteins in OA [154]. Protein categories in Group III include proteases and protease
inhibitors (ex. MMP-1, -3, -9, -13, plasma protease C1 inhibitor, plasminogen activator inhibitor
1, and serpin H1) signaling (ex. C-C motif chemokine 5, ephrin-A1, inhibin, and transforming
growth factor beta-2 (TGFf-2),) and ECM (ex. collagen VI, fibrillin-2, fibronectin, tenascin).
These results suggest that Group III proteins are those actively released from the cartilage after the
induction of PTOA: the degradation products of cleaved ECM components and the proteases,

protease inhibitors, and other signaling factors associated with catabolic responses.

Inflammatory stress also disrupts intracellular processes and leads directly to chondrocyte death
[18]. The dysregulation of chondrocyte homeostasis under disease stress can be observed within
Group II proteins, whose release was increased by exposure to inflammatory cytokines alone and

consist of majority intracellular proteins. The protein representing this group is PGK1, (Figure
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2.4B), a major enzyme in the glycolytic pathway. It is notable that many of the proteins in this
group are involved in cellular metabolism (ex. glyceraldehyde-3-phosphate dehydrogenase, L-
lactate dehydrogenase, PGK 1, phosphoglycerate mutase 1), endoplasmic reticulum processing (ex.
78 kDa glucose-regulated protein, protein disulfide-isomerase A6, calreticulin), or ribosomes (ex.
ribosomal proteins L10A, L12, PO, and P2). The biological reason for the increased release of these
proteins may be due to transcriptional or translational changes in response to cytokine treatment,
or a result of cell death causing these highly abundant intracellular proteins to be released from

necrotic cells.

2.4.3 Dexamethasone rescues some catabolic processes

The increased release of one third of the proteins in Group III was partially or completely rescued
by Dex, including all four MMPs in this group. This finding agrees with literature supporting the
observations that Dex inhibits the production of MMPs under arthritic stresses and prevents ECM
breakdown as measured by sGAG loss and histological staining [129]. This effect of Dex was
specific to the proteins in Group III from treatments CD or ICD: the proteins involved in ECM
organization (including fibrillin, versican, five MMPs, TGF-f, and plasma protease C1 inhibitor)
that Dex reduced from Group III were not affected by Dex alone, except a slight increase in MMP-
13 release. However, Dex did not rescue the increased release of most of the proteins in Group II.
Dex has been shown to protect against inflammatory cytokine-induced chondrocyte death [18],
but many Group II proteins had high release at the earliest timepoint which was not prevented by
Dex, suggesting that Dex may not prevent an early cellular response to inflammatory cytokines.

This result may also be influenced by changes in protein synthesis. It has been hypothesized that
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Dex suppresses cartilage metabolism, but whether these effects are propagated through changes in

protein synthesis has not yet been explored [129].

2.4.4 Some anabolic processes are inhibited by PTOA stress

As catabolic processes continue in diseased cartilage, chondrocytes begin to produce
chondroprotective and anabolic factors that initiate reparative processes to reverse proteolytic and
inflammatory damage [151]. Group I represents proteins exhibiting decreased release after C or
IC treatment, many of which would contribute to protective and anabolic responses, represented
by collagen II, the most abundant collagen in cartilage (Figure 2.4A). Collagen IX has a similar
pattern of release. It is likely that the reduced release of these proteins is due to decrease in their
synthesis. With decreased release, the major effect on their release from cartilage would not be
proteolysis or the increased permeability of degrading ECM. In a previous study using
injury+cytokine-treated human knee cartilage, the release of the C-terminal pro-peptide of
collagen II, a synthesis marker, was decreased [ 130]. The decrease in the synthesis of these proteins
could be related to early suppression of fibrillogenesis of collagen II, which associates with

collagens IX and XI to form thin collagen fibrils [155].

The release of lysyl oxidase (LOX), an enzyme that regulates fibrillogenesis and collagen synthesis
[156,157], was also inhibited by cytokine addition. Another member of Group I, chondromodulin
(CNMD) maintains cartilage homeostasis by preventing hypertrophic differentiation and
remodeling to bone [158]. The release of some proteins may be affected by the developmental

state of the tissue used in our model: chordin-like-2 (CHRDL2,) which inhibits chondrocyte
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mineralization, and the signaling protein collagen triple helix repeat containing-1 (CTHRCT1), have
been found to be increased in human osteoarthritic cartilage, chondrocytes, or synovial fluid in
other studies [159—-161]. However, CHRDL?2 is also expressed in differentiating chondrocytes, and
CTHRCI is expressed in developing growth plate cartilage [162], so the effect on their release

may be associated with the juvenile tissue used in this study and not a protective response.

Certain proteins identified in Group III also reveal an increase in some chondroprotective
processes. For example, the glycoprotein osteoprotegerin (TNFRSF11B) can suppress
osteoclastogenesis and bone resorption [163,164]. Thrombospondin-2 (THBS2) is a chondrogenic
growth factor, and chondrogenesis has been suggested as protective against OA progression
[165,166]. In contrast to collagen II and IX, collagen VI, a major component of the pericellular
matrix [167], showed increased release after IC treatment. Overall, it appears that some
chondroprotective and anabolic processes may be activated after cartilage experiences injury or
inflammation, while others are inhibited, possibly reducing the ability of the cartilage to resist

subsequent damage to the matrix.

2.4.5 The effect of Dex on anabolic and chondroprotective factors is inconsistent

Dex does not reverse the effect of inflammatory cytokines for many proteins in Group I. For
example, the release of LOX and testican-1 (SPOCKI1, a member of the SPARC family) was
rescued up to or above control levels, but the release of SPARC was not affected by Dex,
suggesting that the actions of Dex on cartilage under arthritic stress do not result in a perfect rescue.

This is also reflected in the behavior of collagens II and IX, as Dex did not rescue or further

57



decreased their release (which was attributed to a decrease in synthesis). Previous studies on the

effects of Dex on collagen synthesis have often reported conflicting results [129].

2.4.6 Dex induces the release of proteins not present in any other condition

Highly relevant to the consideration of Dex as a PTOA disease-modifying drug are “side effects”
of Dex: Dex causes a significant increase in the release of some proteins in all treatment conditions,
such as CTGF (Figure 4D). CTGF is directly activated by glucocorticoids in its upstream promoter
region, and is involved in a complex signaling network involving TGF-f signaling and joint
homeostasis [168,169]. Dex is widely accepted to inhibit MMP production and/or activity [129],
possibly in our model by stimulating the production of protease inhibitors such as SPOCK1, a pro-
MMP2 inhibitor found in cartilage [170], and alpha-1-antiproteinase (SERPINAI1), a broad
protease inhibitor [171]. Our observation that Dex affects such proteins even without disease stress
suggests that there may be some dysregulation in the maintenance of the cartilage matrix in healthy
cartilage exposed to Dex during treatment. The effects and side effects of Dex will be affected by
its concentration in the cartilage tissue: in this experiment, we used the low dose of 100 nM Dex,
which has been shown to be effective in ameliorating SGAG loss in immature bovine tissue under
inflammatory stress [16]. This dose is orders of magnitude lower than typical clinical injections,
but novel targeted delivery methods can achieve a low, sustained dose in cartilage, removing the

need for repeated high-dose injections of Dex to achieve clinical efficacy [119,149].

2.4.7 Study limitations
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Proteomics is a powerful tool to measure changes in global protein expression at a high level and
identify changes to entire pathways, but has some limitations. This analysis utilized data from a
small number (48) of single-peptide identifications, which are less reliable for quantitation than
proteins with more peptide coverage, but kept for analysis because of their identification at a FDR
0t 0.01 and their presence in at least 5% of samples. An MS approach summing peptide abundances
reflects total protein level and is less sensitive to small changes in cleavage events, such as with
COMP and aggrecan. Our proteomics results do not reveal a clear effect on treatment with
cytokines; in contrast, the western blots show clear proteolytic cleavage (COMP: Figure 2.4E,
Figure 2.8; aggrecan: Figure 2.6B, Figure 2.7). Some limitations could be circumvented by using
an enzyme other than trypsin, though every enzyme will experience limitations based on its
cleavage sites. While adult human cartilage may show some differences in the process of cartilage
breakdown, this bovine model has been well-established as a model of PTOA progression in a
more accessible and repeatable way than human cartilage. Three animals is a low number of
replicates for robust statistical analysis, though somewhat offset by the repeatability of this bovine
model. Future repeats and validation will strengthen the identified trends. Some observations here
may be due to the early developmental state of the cartilage. Ongoing studies using adult human
cartilage explants will be compared to the bovine results, and investigate the effects of bone and
synovial responses to inflammation and crosstalk with cartilage such as the development of OA-

related osteoporosis or Dex side effects [98].

2.5 Conclusions

In this exploratory study, we used a discovery proteomics approach to follow the release of proteins

in response to mechanical damage and cytokine treatment of bovine knee articular cartilage. We
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also investigated the effect of a low, continual dose of the glucocorticoid Dex. The majority of
differentially expressed proteins were increased upon treatment but some proteins, including the
fibrillar collagens II and IX, were reduced. A large number of the proteins with increased release
after disease treatment had reduced release in the presence of Dex. These disease-induced proteins
could be potential biomarkers of the inflammatory contribution to cartilage degradation and
demonstrate the protective effect of Dex against matrix breakdown and protease release. Analyzing
proteins released from the cartilage also allowed some insight into the dysregulation of anabolic
processes after disease induction: the release of some anabolic factors was increased after cytokine
exposure, suggesting attempts to protect against and repair catabolic effects, while many other
anabolic factors had their release suppressed by cytokine exposure. Dex treatment had mixed
effects on these changes, highlighting the need for further experiments to explore the effect of Dex
on intracellular processes in tissue models of OA. The design of this study will allow for further

exploration of regulation of protein release kinetics after disease or Dex treatment.

60



Acknowledgements

Supported by grants NIH-NIAMS AR060331 and NIH-NCATS UG3/UH3 TR002186 (AJG),
A*STAR (Singapore) Fellowship and Poitras Pre-doctoral Fellowship (YW), the Swedish
Research Council (2014-3303), the Swedish Rheumatism Association (AS and PO), the
Krapperup Foundation (PO), the Alfred Osterlund Foundation (AS, PO), the Greta & Johan Kock
and Crafoord Foundations (AS, PO). We thank Takehiko Nakamura (Seikagaku, Japan) for the
kind gift of keratanase and keratanase II, Sanjay Kumar and Michael Pratta (GSK, Collegeville,
PA, USA) for the kind gift of the neoepitope monoclonal OA-1 antibody against ARGS-aggrecan.
We are grateful to statistician Dr. Aleksandra Turkiewicz for input and discussions regarding study

design and data analysis.

61



05s

i 111

£
€
“I + Cartilage

|
treatment + TNF-q, IL-6, sIL6-R
E \ l + Dexamethasone
I I I O

T 1 1
day 0 2 4 6 8 10 12 14 16 18 20 22
f 1 f 1 f

Collecting medium for proteomics analysis

50% strain

Treatment conditions:

N = no treatment D = Dex alone
| = mechanical injury ID = injury + Dex
C = cytokines CD = cytokines + Dex

|IC = injury + cytokines ICD = injury + cytokines + Dex

Figure 2.1. Experimental setup. Bovine articular cartilage explants (3 mm x 1 mm cylinders including the superficial
zone, 4 per well) were cultured for three weeks according to the following treatment conditions: (N) untreated controls;
(I) a single applied mechanical impact injury (50% final strain at a strain rate of 100%/s, followed by immediate
release at the same rate); (C), addition of cytokines: TNFa, IL-6 and sIL-6R (10 ng/ml, 20 ng/ml, and 100 ng/ml,
respectively) (IC), applied injury plus addition of cytokines; (D), untreated control + Dex (100 nM); (ID), applied
injury + Dex; (CD), cytokines + Dex; or (ICD), applied injury + cytokines + Dex. Culture medium was changed every
two days, and three biological replicates (animals) were used for all treatment conditions.
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Figure 2.2. Proteomic overview of the three biological replicates. (A) A Venn diagram reveals a large overlap of
MS-identified proteins between biological replicates. 500 proteins were found in medium samples from all three
animals, and few proteins were found in only one or two animals. (B) Principle component analysis (PCA) was
performed using abundance values for 456 filtered proteins obtained from MS analysis of cartilage explant medium
samples taken on day 4, 8, 12, 16, and 20 of culture from the treatment groups control (N), injury (I), cytokines (C),
and injury+cytokines (IC). The data clearly separate into two clusters, one with treatments N and I, and the second
with treatments C and IC. Percentages on axes represent percent variance explained by that principal component. The
large symbol within each cluster represents the cluster centroid.
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Figure 2.3. Heatmap of proteins significantly affected by disease treatment. Treatment effects were evaluated by
pairwise comparisons of MS abundance data (log2 summed ratios with imputation of missing values, FDR = 0.05) of
different disease treatments within each animal replicate. Proteins were selected that had a differential effect of C or
IC treatments and that were present in at least three time points across at least one consistent treatment condition
between all three biological replicates (to avoid biases from imputing missing values), resulting in 188 selected
proteins. The raw abundance value for each filtered protein was summed over all timepoints and logz-transformed.
For visualization, the logz-transformed values were normalized via z-scoring across all treatment conditions, excluding
injury alone and injury with Dex: control (N), cytokine (C), injury+cytokines (IC), Dex (D), cytokines+Dex (CD),
and injury+tcytokines+Dex (ICD). Proteins are plotted on the horizontal axis, and ordered based on their hierarchical
clustering (Euclidian distance) across all six selected treatment conditions. Each individual replicate is plotted on the
vertical axis, ordered by treatment condition and then by animal. The clustering reveals three major patterns of protein
release: increased release by cytokines alone (1Cyt), an increase by both cytokines and injury+cytokines (1Cyt,
1Inj+Cyt), and decreased release by cytokines and injury+cytokines (| Cyt, |Inj+Cyt). These three patterns were used
to designate the grouping categories in Table 1.
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Figure 2.4. Representative proteins for each response profile. The simplified graphical representation for each
protein shows the ratio for each treatment comparisons: injury (I), cytokines (C), and injury+cytokines (IC) versus
control (N), and treatments with Dex versus their non-Dex controls: D vs. N, ID vs. I, CD vs. C, and ICD vs. IC. The
mean fold change values from three replicates are indicated with horizontal lines. Representative proteins for the
different profile categories (Table 1): (A) Group I, collagen type II (COL2A1); (B) Group II, phosphoglycerate kinase
(PGK1); (C) Group III, collagenase-3 (MMP-13). Also shown are (D) connective tissue growth factor (CTGF), a
representative of proteins with a consistent effect of Dex after addition to any treatment, and (E) cartilage oligomeric

matrix protein (COMP), which undergoes no statistically significant change in release with any treatment.

65



CHRDL2

&
(Y

Figure 2.5. STRING network analysis plots. STRING network maps of proteins in each of the three groups of
shared release profiles, colored based on KEGG pathway enrichment. Unconnected nodes were removed from network
maps. (A) Group I: proteins with decreased release after C or IC treatment. Magenta: ECM and ECM-modifying
proteins; blue: metabolism; green: IGF transport and uptake. (B) Group II: proteins with increased release after C
treatment only. Magenta: RNA-metabolizing proteins; blue: metabolism; green: immune system. (C) Group III:
proteins with increased release after C and IC treatment. Magenta: ECM organization; green: immune system.
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Figure 2.6. Time dependent release of aggrecan constituents into explant culture media. (A) Cartilage explants
(n=3) were cultured from 2 up to 22 days. The amounts of sSGAG (mean + SD) released at each day of culture was
measured by the DMMB assay for all treatment groups: control (N), injury alone (I), cytokine (C), injury+cytokines
(IC), Dex (D), injury+Dex (ID), cytokinestDex (CD), and injury+cytokines+Dex (ICD). The release of sGAG was
elevated with cytokine treatment; the addition of Dex reduced this release. (B) Medium samples were deglycosylated
and run (44 to 100ul medium/lane) on 3-8% Tris-acetate SDS-gels and applied for Western blot using ARGS-aggrecan
N-terminal neoepitope antibodies. Bovine protein fragments (previously described [172]) and their molecular weight
in kDa are shown at the right. CS2 = chondroitin sulfate region 2. Cyt = cytokine treatment, Inj = applied injury, Dex
= Dex treatment.
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Figure 2.7. Aggrecan G3-fragment time dependent release into the explant culture medium. Treatment
conditions: control, cytokines (Cyt), injury+cytokines (Inj+Cyt), and injury+cytokinestDex (Inj+Cyt+Dex). Samples
were deglycosylated and run (44 to 100 pl medium/lane) on 3-8% Tris-acetate SDS-gels and applied for Western blot
using anti-G3-aggrecan antibody. Representative Western blots images from full-sized blotted gels are shown. Bovine
protein fragments (previously described [143,172]) are shown at the right side with the molecular mass in kDa
indicated. G3 = globular domain 3.
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Figure 2.8. Time dependent release into medium of cartilage oligomeric matrix protein (COMP). Western blots
were performed on culture medium collected from a separate experiment using cartilage cultured under the same
conditions (control and applied injury + cytokines, Inj+Cyt), with the addition of 10% cyclic load. COMP whole
pentamer proteolyzed fragments are indicated.
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I (n=32)

Il (n = 64)

I (n=92)

DEX (n = 6)

Inhibition by Increase by IC alone or Cand  Dex effect in every
Cand/orIC Increase by C alone IC condition
ELN AGT PCBP1 DKK3 CKAP4 AGT
IGFBP4 ACTA2 PCMT1 SAA1l COL6A1 CTGF
IGFBP?7 ACTB PFN1 TNFRSF6B COL6A2 SERPINA1
LOX ACTN4 PGAM1 ANXAS8 COL6A2 2 SPOCK1
SERPINA1 ARCN1 PGD BMP1 ECM1 NUCB1
SPOCK1 ARHGDIA PGK1 C1S EEF1A1 RPL36A
SPON1 BLVRB PGM1 CATHL1 EEF1D
COL9A2 CALM1 PHGDH CCL5 EFNA1
ECRG4 CAPN2 PKM2 CDA FN1 Increased with Dex
IGF2 CFL1 PPIA CHI3L1 H2AFZ Decreased with Dex
AEBP1 CNPY4 PRDX2 CSF1 HIST1IH1D No change with Dex
CDON COPE PRDX5 EEF1G HISTIH2AC
CGREF1 CTSB PRDX6 FBN2 HIST1IH2AJ
CHRDL2 DBI PSMB5 GDF6 HIST1H4D
CLSTN1 DSTN PSMB6 HAPLN3 HIST2H2BF
CNMD EFEMP1 RAN HP HIST2H3PS2
COL2A1 FLNB RPL10A IGFBP5 HMGB1
COL9A3 FSCN1 RPL12 INHBA HMGN3
CTHRC1 GAPDH RPLPO LGALS1 HNRNPA3
EDIL3 GSTM2 RPLP2 LTBP1 HSPE1
EGFR GSTP1 RPS21 MMP1 IGFBP3
EIF5B HBA1 RPSA MMP13 LCN2
GOLM1 HNRNPA1 RRBP1 MMP3 LGALS3
GREM1 HNRNPA2B1  ST13 MMP9 LMNA
LTBP3 HNRNPD TARS OAT LMNB1
MIA HSP90AA1 TPM3 OLFML2B LMNB2
NUDC HSP90AB1 TPT1 PLEC LTBP2
PROS1 HSP90B1 TUBA1D S100A2 LUM
PSMA6 HSPA8 TXNDC5 SEMA3C M-SAA3.2
SCG5 LASP1 Unknown** SERPING1 MT2
SULF2 MAP4 VIM TGFB2 MYL6
SUSD5 NCL YBX1 THBS2 OLFML3
VASN ORM1
** accession #G5E6G2
VCAM1 PRELP
ADAMTSL4 RBMX
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ALYREF S100A4
ANXA2 SAA3
APOD SDc4
ATP5A1 SERPINC1
C1R SERPINE1
c3 SERPINH1
CAPG S0D2
CCDC80 TMA7
CD14 TNC

CD44 TNFRSF11B
CFB TTR

Table 2.1. 188 proteins grouped by response profile and proteins with consistent Dex effect. 188 selected proteins
were categorized into subgroups (I-1II) based on their shared release profiles under different treatment conditions.
Those proteins with the same Dex effect in every treatment condition (D, CD, or ICD) are also listed. Proteins
increased by Dex treatment are bolded, those decreased by Dex have no formatting, and proteins with no change with
Dex are italicized.
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Abstract:

Objectives: In this study, we apply a clustering method to proteomic data sets from bovine and
human models of post-traumatic osteoarthritis (PTOA) to distinguish clusters of proteins based on
their kinetics of release from cartilage and examined these groups for PTOA biomarker candidates.
We then quantified the effects of dexamethasone (Dex) on the kinetics of release of the cartilage

media proteome.

Design: Mass spectrometry was performed on sample medium collected from two separate
experiments using juvenile bovine and human cartilage explants (3 samples/treatment condition)
during 20- or 21-day treatment with inflammatory cytokines (TNF-a, IL-6, sIL-6R) with or
without a single compressive mechanical injury. All samples were incubated with or without 100
nM Dex. Clustering was performed on the correlation between normalized averaged release

vectors for each protein.

Results: Our proteomic method identified the presence of distinct clusters of proteins based on the
kinetics of their release over three weeks of culture. Clusters of proteins with peak release after
one to two weeks had biomarker candidates with increased release compared to control. Dex
rescued some of the changes in protein release kinetics the level of control, and in all conditions

except control, there was late release of immune-related proteins.

Conclusions: We demonstrate a clustering method applied to proteomic data sets to identify and
validate biomarkers of early PTOA progression and explore the relationships between the release
of spatially related matrix components. Dex restored the kinetics of release to many matrix

components, but not all factors that contribute to cartilage homeostasis.
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3.1 Introduction

There are over five million annual U.S. cases of posttraumatic osteoarthritis (PTOA), the
degeneration of cartilage and subchondral bone after a traumatic joint injury. However, not all
traumatic joint injuries progress to PTOA: reported PTOA prevalence after anterior cruciate
ligament (ACL) rupture is only 13-40%, with higher prevalence if combined with a meniscal injury
[173]. While there are no approved disease-modifying drugs for OA or PTOA, promising targets
such as the corticosteroid dexamethasone (Dex) have been suggested to rescue cartilage matrix
breakdown and prevent chondrocyte death in models of PTOA [17,18,129,174], but use of these
drugs remains controversial due to a lack of consensus on potential off-target effects. PTOA is an
attractive target for the application of disease-modifying drugs, as the time of disease onset, the
injury, is known. However, some patients will not progress to PTOA after injury; therefore, a

prognostic biomarker to differentiate the most at-risk patients is desirable.

An ideal prognostic biomarker would identify patients at risk of PTOA before cartilage
degeneration becomes irreversible. Previously identified biomarker candidates include matrix
molecules indicative of cartilage catabolism — i.e. aggrecan, cartilage oligomeric matrix protein
(COMP), collagen II (and associated degradation products such as crosslinked C-telopeptide
collagen II fragments (CTX-II)); proinflammatory cytokines, e.g. tumor necrosis factor-alpha
(TNF-a), interleukins (IL) -1, -6, -8, and -10; and proteases and protease inhibitors, e.g. matrix
metalloproteinase (MMP) -3 and -13 and tissue inhibitor of metalloproteinase 1 (TIMP-1)
[154,175]. Though there are many potential biomarker candidates identified in the literature, their
prognostic use to predict the patients most at risk for PTOA still remains unclear [175]. In one

study of synovial fluid aspirates after ACL injury, aggrecan, COMP, MMP-3, and TIMP-1 were
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elevated at early time points, but failed to predict radiographic knee OA 16 years after ACL injury
[176]. This suggests that it may be necessary to discover a more targeted combination of specific
disease progression-associated biomarkers that considers the timing of the appearance of
biomarkers in synovial fluid. Proteomics is an excellent tool for biomarker identification, as it can
be used to screen samples from clinical or in vitro PTOA models for hundreds of proteins that
could be biomarker candidates. The timing of biomarker release must be considered as well, as the
cellular response to injury and PTOA progression is time-dependent with distinct catabolic and

anabolic phases [151].

In ex vivo human and animal models of PTOA, Dex has been shown to have protective effects
against disease progression, but literature reports conflict regarding its safety to cartilage and
chondrocyte health [129]. In an IL-1 challenge of human cartilage explants, the low dose of 100
nM Dex rescued glycosaminoglycan (GAG) loss and maintained chondrocyte viability [18]. This
finding was supported in two further studies utilizing IL-6 and TNF-a-challenged human explant
models of PTOA that reported Dex attenuated GAG loss and MMP-1 release [16,17]. However,
some studies using high doses and long durations of Dex treatment reported negative effects on
cartilage, from chondrocyte cell death to cartilage degeneration in explant and whole-animal
models [35,41,66]. Our recent proteomic study using a juvenile bovine explant model of PTOA
reported that Dex attenuated catabolic effects of mechanical injury and IL-6/TNF-a-challenge, but
did not rescue suppressive effects on certain anabolic pathways [174]. Differences between ages,
species, and dosing in the above models complicate interpretation of the safety of Dex use,
necessitating investigation into the effects of Dex on matrix breakdown in human explant models

and how those results compare to commonly used animal models of PTOA.
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In the present study, we demonstrate a method of clustering proteomic data using an existing
proteomic data set from a bovine cartilage explant PTOA model, and validate this method by
comparison to a human knee explant model of PTOA. Our aims are (1) to distinguish distinct
clusters of proteins having different profiles of release from cartilage, (2) to determine biomarker
candidates based on their timing and relative amount released to explant medium (as a surrogate
for synovial fluid), and (3) to quantify the effects of Dex on the kinetics of release of the cartilage

medium proteome.

3.2 Materials and Methods

3.2.1 Explant harvest and culture

Proteomic data were obtained from two separate experiments: a juvenile bovine explant study
[174] to establish the analytical technique, and a human data set [17] to validate the model.
Cartilage disks (3 mm diameter x 1 mm height, including the intact superficial zone) were
harvested from the femoropatellar grooves of three 1-2-week-old bovines (Research ’87, Boylston,
MA) as described [18] (Figure 3.1A). Human explants were harvested from the tibial plateau of a
74-year-old male donor (Collins Grade 1, near-normal tissue [177]) obtained postmortem through
the Gift of Hope Organ and Tissue Donor Network (Itasca, IL) (Figure 3.1B). All procedures were
approved by Rush University Medical IRB and the MIT COUHES committee. After harvesting,
explant disks were pre-equilibrated for two days. Four bovine explants were cultured per well,
with one replicate per treatment condition for each animal; human explants were cultured with one

per well, and three total replicates per treatment condition (Figure 3.1).
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3.2.2 Explant treatments

After pre-equilibration, samples were treated for 20 or 21 days (Figure 3.1A-B): no treatment (N),
continuous culture with inflammatory cytokines (10 ng/ml recombinant human TNF-a, 20 ng/ml
recombinant human IL-6 and 100 ng/ml soluble IL-6 receptor (sIL-6R) (R&D Systems) for bovine,
100 ng/mL TNF-a, 50 ng/mL IL-6, 250 ng/mL sIL-6R for human; treatment C), cytokines with a
single mechanical impact injury at day 0 (for bovine, unconfined compression to 50% final strain
at 100%/s strain rate; for human, 60% final strain at 300%/s strain rate; both followed by
immediate release at the same rate [130,131]; treatment IC), and the two disease models receiving
100 nM Dex (treatments CD and ICD, respectively). Culture medium was collected every three or

four days and stored at -20°C until analysis.

3.2.3 Mass spectrometry preparation and identification

Culture medium (50 pL) was prepared for mass spectrometry (MS) analysis as described
[130,174]. Discovery MS was performed on medium samples using a quadrupole Orbitrap
benchtop mass spectrometer (Q-Exactive, Thermo Scientific). Identification was performed using
the UniProt bovine (UP000009136, 2017-10) and human (UP000005640) sequence databases with
Proteome Discoverer 2.2 (Thermo Scientific). The protein false discovery rate (FDR) was 0.01.
Label-free protein abundance quantification was obtained by summing peak area intensities from

all of the unique peptides for each protein.

3.2.4 Bioinformatics analysis
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For both the bovine and human data sets, proteins were filtered out if they were exogenously added
or not identified and quantified in at least 70% of samples, and missing values were imputed using
the k-nearest neighbor method, with a £ of 6 for the bovine data and 4 for the human data [178].
Protein abundance data were log>-transformed and principle component analysis (PCA) was
performed on treatments N, C, and IC using the "prcomp" function [174]. Pairwise comparisons
between treatments were performed on the summed peptide abundance over all timepoints.
Statistical analysis was performed using the R package limma [132] and MATLAB (MathWorks).
The amount of each protein released at each timepoint was normalized to the total amount released,
then averaged across three biological replicates. Release vectors were clustered based on
correlation using Euclidian distance (Figure 3.1C). Cluster enrichment for proteins with increased
or decreased release from control was determined by finding the number of proteins with a
significant fold change from control in each cluster, selecting that number from the total
population, and generating 10,000 bootstrapped distributions to determine the likelihood of having
so many proteins with increased or decreased release [138]. Enrichment analysis was performed

as previously described [174].

3.3 Results

3.3.1 Protein identification and differential analysis

Raw MS data are available via Proteome Xchange with identifiers PXD020756 and PXD024359.
After filtering as described above, the data sets were reduced to 405 proteins for bovine samples
and 416 proteins for human, PCA clustering on logz-transformed control, C, and IC data for both

bovine and human samples revealed a strong separation by time for bovine samples (Figure 3.2A),
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with a less prominent trend plotting principal components 1 and 3 for human samples (Figure

3.2B).

3.3.2 Bovine Kinetic clustering

To explore the time-dependent effects on protein release from bovine cartilage, we clustered the
proteins based on the vectors of their averaged, normalized release at each timepoint (Figure
3.1C). We included for discussion the clusters with fifteen or more members, as below that
threshold few conclusions on enrichment of biological processes could be made (Figures 3.3 and
3.4). For the control condition, four major clusters emerged: a cluster with day 4 peak release that
decreased steadily over time (Figure 3.3Ai), clusters with peak release on day 8 (Figure 3.3Aii)
and day 12 (Figure 3.3Aliii), and a cluster with a slight, steady increase in amount released (Figure

3.3Aiv). Cluster 3.3Aii was enriched for intracellular metabolic proteins.

Clusters for treatments C and IC are depicted in Figure 3.3B and 3.3C. Clusters 3.3Bi, 3.3Bii,
3.3Biii, 3.3Cii, and 3.3Cv were enriched for proteins with increased total release versus control,
while 3.3Bv, 3.3Civ, and 3.3Cvi had decreased release versus control. Many of the proteins in
3.3Ai were found in clusters with increased release later in culture (3.3Bii, 3.3Biii, 3.3Cii),
suggesting that these proteins are affected by disease processes that cause increased matrix
breakdown and hence transport permeability. Clusters 3.3Biv and 3.3Ciii contain proteins without
a significant change in total amount released including complement components C1R, C1S, B, and
I, as well as transforming growth factor beta-2 for treatment C. Some ECM components with peak
release on day 12 or an increase starting on day 12 (3.3Bv and 3.3Civ) had decreased release versus

control, including collagen II.
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3.3.3 Dex effects on bovine release kinetics

The Dex-treated conditions (Figures 3.3D, 3.3E) had large clusters of proteins that experienced
peak release on day 4 (3.3Di, 3.3Ei). These clusters contained many proteins that followed the
diffusive pattern of release in control (3.3Ai), but experienced different release kinetics with C or
IC treatment. Notable proteins that were not restored back to their diffusive behavior include
collagens I and II and extracellular matrix protein 1 (ECM1), with steadily increasing release
starting day 12 (3.3Diii, 3.3Eiii). CD treatment yielded a cluster of proteins with increased total
release from control peaking on day 8 (3.3Aii). A cluster enriched for similar proteins released
after ICD treatment had increased release each day after day 12 (3.3Eiii), though the total amount
released for these proteins was not significantly different than control. Many immune-related
proteins, including complement factors C1R, C1S, C1Q, I, and pentraxin related protein PTX3,
had late release (3.3Diii-iv, 3.3Eiv). The total amount released for some proteins having CD
treatment (3.3Div) was less than in control, but for some proteins with ICD treatment (3.3Eiv) was

greater than in control.

3.3.4 Validation with human data set

After observing that this clustering method could distinguish different profiles of release kinetics
in our bovine proteomic data set, we applied the same methods to the human medium proteome to
determine whether this method would reveal proteins having shared release kinetics, and whether
those human clusters would be similar to bovine. Four distinct protein clusters were found in the

control condition (Figure 3.4A), the largest with peak release on day 3 (3.4Ai), a cluster with peak
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release on day 12 (3.4Aii), one with increasing release starting on day 6 (3.4Auiii), and the last with
relatively constant release across all timepoints (3.4Aiv). Cluster 3.4Ai (with early peak release)
was similar to bovine cluster 3.3Ai, containing ECM components and signaling factors. The
human day 12 peak cluster (3.4Aii) shared similarities to the bovine day 8 peak cluster (3.3Aii),
enriched for many of the same intracellular proteins. For both C and IC treatment conditions (3.4B
and 3.4C, respectively,) large clusters were present with peak release at day 3, enriched for matrix
proteins exhibiting decreased release versus control (e.g., collagens VI, IX, and XI). The cytokine-
present with the addition of mechanical injury. The increased release of proteases and matrix
proteins, including aggrecan, metalloproteinases, and collagen I, was apparent in a cluster with a
peak at day 12-18 (3.4Biv), and in two clusters that had an earlier release for injury+cytokines

day 18 (3.4Bv-vi and 3.4Civ), but with no change in total release of these proteins versus control.

3.3.5 Dex effects on human release kinetics

Similar to results with bovine explants, many of the proteins in cluster 3.4Ai experienced a change
in release kinetics with C or IC treatment that was attenuated with addition of Dex (3.4Di, 3.4Ei),
with the notable exceptions of several proteases, some collagens, and immune factors (MMPs -2,
-3, -10, collagens III, IX, XII, serum amyloid A, beta-2-microglobulin, complement factors 3, C1S,
CI1R). Both Dex treatment regimens caused a group of proteins including MMP-2 and -3 to
experience peak release on day 12 or day 8 (3.4Dii, 3.4Eii), that had increased release versus
control. These proteins had decreased total release compared to their non-Dex treated counterparts.

The Dex-treated conditions also had clusters with peak release on day 18 with many immune
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proteins, proteases, and protease inhibitors with increased release versus control (3.4Div, 3.4Eiii-
v). With treatment CD, some proteins had relatively steady release across the entire culture (3.4Dv-

vi).

3.3.6 Release Kkinetics of selected spatially and functionally related proteins

Heinegard [179] reviewed macromolecular constituents of the cartilage extracellular matrix; to
investigate when spatially and functionally related matrix components were released from cartilage
explants, we examined the kinetics of release of selected proteoglycans, collagens, and matrix-
binding proteins that are well-characterized. Selected were the large proteoglycan aggrecan
(ACAN), and the small leucine-rich repeat (SLRR) collagen-binding proteoglycans biglycan
(BGN), decorin (DCN), and fibromodulin (FMOD). Collagens selected were collagen II
(COL2A1), collagen VI (COL6AT), and collagen IX (COL9A1). Additional matrix-binding
proteins were the collagen-binding proteins COMP and matrilin 3 (MATN3), and the integrin-
binding chondroadherin (CHAD). Proteins were selected if they were present in both bovine and

human systems to enable comparison: Figure 3.5 (bovine) and Figure 3.6 (human).

Overall, the selected proteoglycans released from bovine cartilage with cytokine or
injury+cytokine treatment behaved similarly to control (Figure 3.5A-C). Aggrecan had a peak in
the amount released on day 12 in the diseased treatments, with a moderate amount released on
days 4 and 8. Particularly in the injury+cytokine treated samples (Figure 3.5C), the SLRR
proteoglycans had a large amount released at the earliest timepoint but a steadily increasing rate
of release later in culture after the peak in aggrecan release, which was also reflected in the

behavior of collagens I, VI, and IX (Figure 3.5E-F). In untreated bovine controls, the collagens
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except collagen I1X followed a diffusion-like pattern of release (Figure 3.5D). The additional
matrix binding proteins (Figure 3.5H-J) behaved similarly to control with cytokines and/or
mechanical injury, except with relatively more matrilin-3 released at later timepoints than in

control (~25% of total release occurring at each of days 12 and 16).

In untreated human control explants (Figure 3.6A, D, H), nearly all proteins had their peak release
at the first timepoint (day 3). This behavior changed noticeably with inflammatory cytokines and
mechanical injury: collagen VI, IX, and CHAD still experienced peak release at day 3, but other
proteins had a peak release at days 12-18. With cytokine-only treatment, aggrecan release peaked
on day 12, similarly to the peaks of COMP and matrilin-3 on day 12. These peaks were followed
by a day 15 peak in collagen II release and later increases in decorin, biglycan, and fibromodulin
release (Figure 3.6B, E, I); this trend was less noticeable with mechanical injury (Figure 3.6C,

F, J).

Overall, the addition of Dex did not have a major impact on the release of most of these selected
proteins in the bovine model (Figures 3.5 and 3.6). In the human model, Dex changed the behavior
of nearly all selected proteins to have peak release at the earliest timepoint, with some proteins

(e.g. CHAD) experiencing a small increase at day 18.

3.4 Discussion

Our clustering method allowed us to analyze existing bovine and human proteomic data sets for
information on matrix breakdown kinetics and potential biomarker candidates, which could easily

be adapted to new data sets. The data from the explant model of human PTOA closely match the
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kinetics of matrix breakdown for in vivo knee injury, as measured by COMP, osteopontin,
osteonectin, complement factor, and collagenase-generated collagen II fragment release into the
synovial fluid [180-184]. Thus, our results from the human model closely follow the same
breakdown events that occur in patients, though the timing is likely not 1:1 as the presence of other

joint tissues could affect the rate of catabolic processes.

In general, the human and bovine results had the same patterns of release. Both sets of control data
showed a large cluster of proteins with peak release at the earliest timepoint. Proteins with this
profile are assumed to have no direct biological or biochemical initiators of loss from explant
culture, most likely following passive diffusion-like transport out of the cartilage. This diffusive
profile may be associated in part with the newly-cut radial edges of the cartilage plugs upon
harvest. Interestingly, this profile may also model initial diffusive loss in vivo when traumatic knee
injury results in cracks in the cartilage surface, as can commonly occur [173,185]. In addition, both
human and bovine untreated conditions also had a group of intracellular proteins of low abundance
that had peak release about one week into the culture, assumed to be indicative of early cell death

[174].

The bovine and human C and IC conditions had large clusters of proteins peaking least one week
into culture. The human clusters often had sudden, sharp increases in the amount of protein
released, while the bovine proteins had more gradual increase over time. The proteins in these
clusters are the most likely candidates for biomarkers of PTOA progression due to the increased

amount released compared to control. Notably, the addition of a single mechanical impact injury
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caused matrix breakdown to begin several days sooner than cytokines alone. This may be
associated with injury-induced microdamage to the matrix, enabling enhanced transport of
cytokines into cartilage and release of matrix breakdown products, or an increase in intracellular
catabolic processes with mechanical stimulus. Treatment with cytokines alone may also model OA
progression influenced by inflammation due to the shared pathways that will be affected by
exposure to inflammation, though it is difficult to apply our analysis of the kinetics of release of

biomarkers to this disease model, as the timing of disease initiation is not as distinct as with PTOA.

This method of biomarker identification is validated by the overlap of our results with previously
posited ECM-related biomarker candidates such as aggrecan, MMP-3, collagen II, vascular cell
adhesion protein-1, lumican, and COMP [186—189]. Other biomarker candidates identified by our
method are cytokines that may be part of the early breakdown signaling process, such as IL-8,
secreted phosphoprotein-1, PTX3, and C-C motif chemokine ligands 5 and 20 [190-194]. Our
study suggested the importance of biomarkers related to cell death as well as matrix breakdown,
such as cathepsins L1, D, and S, which may be indicators of cellular response to PTOA progression
and are under consideration as potential non-invasive biomarkers for early OA [195,196]. A novel
set of candidate markers of PTOA progression identified with this method as well as previous
proteomic analysis of the bovine data set [174] were lamin and histone proteins present in the
culture medium (LMNA, LMB2, HISTIH4A, HISTIH1D, H2AFV, H3FA, HIST2H2BF). The
presence of these nuclear proteins in culture medium could be indicative of cell death in the early
stages of cartilage damage, and they have been identified in previous proteomic studies of synovial

fluid in OA models [197-199].

85



Just as critical as the biomarker identity itself is the timing of its release into synovial fluid. Based
on our human data, increased levels of matrix degradation products and signaling proteins that
have been previously identified as biomarker candidates peaked in their release 9-15 days after the
initial injury. While some biomarkers have been identified in synovial fluid months to years after
injury [176], it is difficult to maintain an ex vivo model this long, limiting our window of
investigation to relatively early timepoints. However, there is reason to investigate this window of
time for identifying patients with an elevated risk for PTOA development, as early intervention

with a drug such as Dex might prevent irreversible damage to the cartilage that could occur.

Some matrix components such as collagen II in the bovine C and IC conditions experienced a
decrease in their total amount released compared to control. As previously reported [174], some
ECM components experience a decreased release under inflammatory and mechanical stress due
to a decrease in synthesis. However, the kinetics of the release of collagen II did change (Figure
3.3Bv, 3.3Cvi, 3.6E-F), demonstrating that collagen II release was still affected by protease
activity and disease progression. Particularly in the bovine model, where collagen II synthesis is
high, the release of collagen II into the matrix will be dependent on its synthesis as well as its
proteolytic cleavage and matrix permeability. Within the selected matrix proteins, some proteins
that decorate the surface of larger ECM macromolecular complexes (e.g., COMP, collagen IX,
and matrilin-3) experienced their peak release before collagen II (Figure 3.5&3.6E, F, 1, J) [60].
The sequential loss of specific matrix components supports the hypothesis that highly abundant
and space-filling matrix proteins such as aggrecan must first be degraded and released to some
extent before proteases can then reach the cleavage sites of other proteins such as collagen II,

decorin, biglycan, and fibromodulin [200].
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The addition of a low dose of Dex rescued the increased release of many matrix breakdown
products, though not entirely to control levels, in both the human and bovine model. This is in
agreement with previous studies showing that Dex reduced the activity of matrix proteases and
attenuating collagen and GAG loss in models of OA/PTOA [16,18,129,130,174]. Further evidence
that Dex rescues ECM homeostasis to control is demonstrated by many proteins with their kinetics
of release affected by cytokines and/or injury returning to their control behavior (Fig. 3.3Di, 3.3Ei,
3.4Di, 3.4Ei), though some MMPs and collagens still had release later than they did without

treatment.

The most significant off-target effect of Dex we observed was the increased release of
inflammatory mediators late into culture in the human model, where both CD and ICD conditions
had clusters enriched for inflammatory proteins with a day 18 peak release. Dex has been shown
to have anti-inflammatory effects on the joint space in animal models of PTOA [23], but the
specific pathways through which it exerts this effect are currently not well-understood [129], and
likely dependent on many tissues including the joint capsule synovium. This deviation from the
signaling and release of inflammatory proteins in healthy, untreated cartilage justifies more studies
on appropriate doses and timing of Dex and the interaction of Dex with multiple joint tissue types
[98]. If Dex is to be used for its anti-catabolic effects to protect against PTOA progression and
avoid potential off-target effects on immune signaling or other pathways, targeted strategies of

drug delivery specifically to cartilage at the lowest possible dose will be necessary [117,119,149].
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3.4.1 Study limitations

Mass spectrometry as a technique has specific limitations. We used a high threshold of confidence
to compensate for any single-peptide identifications or missing values, with a false discovery rate
of 0.01 and proteins required to have quantification values in at least 70% of samples. Some
putative OA biomarkers are specific cleavage fragments of matrix components, such as CTX-II
[188] and COMP neoepitopes [130,182]; with our broad discovery approach, these peptides would
not be distinguished from the rest of the peptides used to calculate protein abundance due to trypsin
cleavage. Thus, this method for biomarker identification is best validated with other biochemical
or targeted proteomic analyses [174]. The bovine experiment used three biological replicates, a
low number for statistical confidence but balanced by the repeatable nature of these juvenile bovine
experiments, and our human data set used only one donor with three internal technical replicates.
Donor-to-donor variability can be extremely high, and our ongoing studies with more donor joints
will be used to further validate our application of the clustering method used here. The difference
in cytokine concentrations and culture conditions between the models was due to the difference in
young juvenile chondrocytes versus aged and potentially more sensitive adult human cells. These
differences in age, developmental state and phenotype will contribute to differences between our
models, such as differences in baseline synthesis rates of collagen II between less metabolically
active adult human cartilage and the young bovine system, which may be more similar to human
children or adolescents [201]. Hypoxic conditions in the in vivo joint environment may affect some
of the pathways discussed. Ongoing studies including bone and synovial tissue will elucidate the
effect of crosstalk from these tissues on cartilage response and the media proteome and further

refine this model of PTOA progression [98].
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3.5 Conclusions

Our analysis identified the presence of distinct clusters of proteins based on the kinetics of their
release over three weeks of culture. In our model of early PTOA progression, our data suggest that
many biomarkers for cartilage matrix breakdown are released at their peak nine to fifteen days
after initial injury. Utilizing this method allows for broad identification of biomarker candidates
for early monitoring of PTOA risk in patients after a traumatic joint injury. We found that a period
between 9-15 days post-injury had the highest relative release of previously identified and novel
biomarker candidates in our model. Our study also provided insight into the sequential loss of
matrix constituents, where some proteins such as collagen II are shielded from breakdown and
release into the media until other matrix components are degraded. Dex showed promise as an
anti-catabolic disease-modifying treatment, restoring most ECM and ECM-modifying proteins to
their control behavior and amount released. However, in all treatment conditions except control,
there was a late peak in the release of complement factors, suggesting an immune response in
cartilage that is not attenuated with Dex treatment. This highlights the need to better understand
the effect of Dex on other pathways involved in cartilage homeostasis beyond matrix breakdown,
and the potential need to target these pathways with additional combinatorial therapeutics [202].
The clustering results had the same broad trends between human and bovine models, but the release
kinetics for specific proteins often differed; a bovine model may not be appropriate to search for

OA biomarkers without validation against human data.
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Figure 3.1. Experimental overview and clustering method. Bovine (A) and human (B) cartilage explants (3 mm
diameter x 1 mm height) were cultured for 20 or 21 days with media collected every four or three days, respectively,
for mass spectrometry analysis. The explants were untreated (N), treated with inflammatory cytokines (C, 10 ng/ml
TNF-a + 20 ng/ml IL-6 + 100 ng/ml sIL-6R for bovine, 100 ng/mL TNF-a + 50 ng/mL IL-6 + 250 ng/mL sIL-6R for
human), treated with cytokines plus a single impact mechanical injury (IC, 50% final strain at 100%/s strain rate for
bovine, 60% final strain at 300%/s strain rate for human,) or received treatments C and IC with 100 nM Dex (CD and
ICD, respectively). (C) To cluster the proteins based on time release profile, the raw abundance data of each protein
(represented by collagen II, COL2A1) was normalized to the total amount released within that replicate and averaged
across all three replicates (1), then the resulting vectors for each protein were clustered based on correlation using
Euclidian distance (2), which can be visualized in an n-by-n heatmap, where n is the number of proteins, and each
comparison is colored based on correlation. R: correlation coefficient.
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Figure 3.2. Principal component analysis of proteomic data. (A) PCA clustering was performed on bovine control
(N), cytokine-treated (C), and injury + cytokine-treated (IC) samples. C and IC samples separated from control
samples, and there was a noticeable separation of early timepoints from later ones, particularly for treatments C and
IC. (B) PCA on human N, C, and IC samples revealed a similar trend apparent when plotting the first and third
principal components. Percentages on axes represent percent variance explained by that principal component.
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Figure 3.3. Clusters of bovine protein time release profiles. After clustering based on correlation, clusters of
proteins with distinct time release profiles emerged for all treatment conditions: control (A), cytokine-treated (B),
injury + cytokines (C), cytokines + Dex (D), injury + cytokines + Dex (E). Cluster enrichment for proteins with
increased (red) or decreased (blue) release from control was determined by finding the number of proteins with a
significant fold change from control in each cluster and bootstrapping 10,000 random distributions based on the total
protein population. Lighter lines represent each individual averaged vector, dark lines represent the average of all
proteins in that cluster. Clusters are arranged in descending order based on timing of approximate peak release of
proteins in that cluster and/or when a steadily increasing trend begins. X-axis: days of the experiment. Y-axis: fraction
of total protein release collected each day. n: number of proteins in each cluster.
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Figure 3.4. Clusters of human protein time release profiles. Time profile clustering of the human data: control (A),
cytokine-treated (B), injury + cytokines (C), cytokines + Dex (D), injury + cytokines + Dex (E). Red: cluster with
significant number of proteins with increased release from control. Blue: cluster with significant number of proteins
with decreased release from control. Lighter lines represent each individual averaged vector, dark lines represent the
average of all proteins in that cluster. Clusters are arranged in descending order based on timing of approximate peak
release of proteins in that cluster and/or when a steadily increasing trend begins. X-axis: days of the experiment. Y-
axis: fraction of total protein release collected each day. n: number of proteins in each cluster.
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Figure 3.5. Kinetics of selected proteoglycans, collagens, and matrix-binding proteins from bovine model.
Averaged normalized protein release vectors for aggrecan (ACAN), biglycan (BGN), decorin (DCN), fibromodulin
(FMOD), collagens II, VI, and IX (COL2A1, COL6A1, COL9A1), chondroadherin (CHAD), COMP, and matrilin-3
(MATN3). A-C: proteoglycans. D-F: collagens. H-J: matrix-binding proteins. Columns represent untreated control
(A, D, H), cytokine (B, E, I), and injury+cytokine treatments (C, F, J). Error bars: standard deviation across three
replicates.
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Figure 3.6. Kinetics of selected proteoglycans, collagens, and matrix-binding proteins from human model.
Averaged normalized protein release vectors for aggrecan (ACAN), biglycan (BGN), decorin (DCN), fibromodulin
(FMOD), collagens II, VI, and IX (COL2A1, COL6A1, COL9A1), chondroadherin (CHAD), COMP, and matrilin-3
(MATN3). A-C: proteoglycans. D-F: collagens. H-J: matrix-binding proteins. Columns represent untreated control
(A, D, H), cytokine (B, E, I), and injury+cytokine treatments (C, F, J). Error bars: standard deviation across three
replicates.
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Abstract

Background:

Post-traumatic osteoarthritis (PTOA) does not currently have clinical prognostic biomarkers to
find patients most at risk of disease after injury, or to find disease-modifying drugs, though
promising candidates such as dexamethasone (Dex) exist. Many challenges in studying and
treating this disease stem from multi-tissue interactions that complicate understanding of drug
effects. We present an ex vivo human osteochondral model of PTOA to investigate disease effects
on catabolism and cellular homeostasis in a multi-tissue system and discover biomarkers for

disease progression and drug efficacy.

Methods:

Human osteochondral explants were harvested from normal (grade 0-1) ankle talocrural joints of
seven human donors. After pre-equilibration, osteochondral explants were treated with a single-
impact mechanical injury and TNF-a, IL-6, and sIL-6R + 100 nM Dex for 21 days. Chondrocyte
viability, tissue DNA content, and glycosaminoglycan (sGAG) loss to the media were assayed and
compared to untreated controls using a linear mixed effects model. Mass spectrometry analysis
identified proteins in both cartilage tissue and culture medium, and statistical significance was
determined with the R package limma and empirical Bayes statistics. Partial least squares
regression analyses of sSGAG loss and Dex rescue effect on sGAG loss against proteomic data were

performed.
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Results:

Dex maintained chondrocyte viability and rescued increased sGAG loss caused by injury and
cytokine treatment, but with donor-specific differences in the sGAG rescue effect. Injury and
cytokine treatment caused an increase in the release of ECM components, proteases, pro-
inflammatory factors, and intracellular proteins, while tissue lost intracellular metabolic proteins,
effects that were mitigated with the addition of Dex. Biomarkers of bone metabolism had mixed
effects, and collagen II synthesis was suppressed with both disease and Dex treatment. Semitryptic
peptides associated with increased sGAG loss were identified. Pro-inflammatory humoral proteins

and apolipoproteins were associated with lower donor-specific Dex responses.

Conclusions:

Catabolic effects on cartilage tissue caused by injury and cytokine treatment were rescued with the
addition of Dex in this osteochondral PTOA model, while bone metabolism was dysregulated.
This study presents potential peptide biomarkers of early PTOA progression and Dex efficacy that

can help identify and treat patients at risk of PTOA.
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4.1 Introduction

Though millions of patients worldwide suffer from osteoarthritis (OA), no disease-modifying OA
drug (DMOAD) has been approved due to many challenges in the drug development pipeline, and
promising candidates often fail at the level of clinical trials [203—-205]. OA affects multiple tissues
in the joint including the cartilage, meniscus, bone, and the synovial joint capsule. Many in vitro
models of OA that use a single tissue such as cartilage do not capture the complex interactions
between these tissues. /n vivo animal models of OA can aid in this regard, but do not always
translate to the same efficacy in humans. Outcome measures of drug efficacy also often focus on
late-stage pain or structural changes, while early tissue breakdown events can progress years
before macroscopic changes are observed. Molecular biomarkers of disease progression can offer
insight into early disease processes that could help in drug development as therapeutic endpoints
as well as potential prognostic measurements of patients for the earliest stages of OA, when

intervention may prevent joint damage.

Many in vitro models of OA using human cartilage and isolated chondrocytes offer insights into
disease progression, but do not capture the complexity of a full joint that has vasculature, bone,
and synovial cross-talk, involving complex signaling networks that are affected by OA progression
[206]. The subchondral and cortical bone undergo changes and resorption during OA, and
osteoblasts and osteoclasts from sclerotic bone have been shown to inhibit chondrocyte anabolism
and promote the synthesis of matrix proteases. Therefore, it is desirable to use a multi-tissue model
to better understand disease progression and drug effects on healthy as well as diseased joint

tissues.
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Post-traumatic OA (PTOA) is an important disease target since the time of the disease onset (the
injury) is known. In a previous model of PTOA using human knee cartilage explants, mass
spectrometry analysis of culture media identified the time-dependent release of proteases and
catabolic signaling processes within days after mechanical injury and inflammatory cytokine
exposure, hypothesized to be potential biomarkers of disease progression [89]. The observed
sequential order of extracellular matrix (ECM) breakdown allowed for increased understanding of
how proteases access specific ECM components and, additionally, the timing of immune and
anabolic responses affected by both disease and corticosteroid treatment. However, this in vitro
model did not incorporate tissue crosstalk that could affect signaling processes and only focused
on changes in the media proteome. A full understanding of PTOA progression also requires

attention to changes within the cartilage tissue as well.

Recent studies using discovery proteomics have also worked towards proposing and validating
prognostic biomarkers of PTOA progression, which could serve to identify patients at risk of
disease and to provide clinical endpoints for drug candidates. Proteins with increased synthesis or
release from cartilage into the joint space are possible biomarker candidates, but another set of
targets are protein fragments produced by enzymatic activity not present in healthy cartilage. A
neoepitope of cartilage oligomeric protein (COMP) produced by proteolytic activity was
discovered in the synovial fluid of patients and later validated in a human knee cartilage explant
model of PTOA, and there is potential to identify fragments of other proteins that are generated

under disease stress [130,182].
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In the search for DMOADs for patients at risk of PTOA development, corticosteroids have been
identified as promising therapeutics. One of the most well-studied is dexamethasone (Dex), the
most potent of the corticosteroid family [129]. In human and animal cartilage tissue models of
PTOA, Dex exerted strong anti-catabolic effects on matrix breakdown and protease production,
making it a promising candidate for the prevention of early catabolic events in PTOA
[16,18,89,174]. However, there is high variability in patient disease progression, and also in the
response to Dex at the cellular level [39,207]. It is of interest to identify which patients might be
the most or least responsive to Dex in order to personalize treatment and reduce exposure to
potential off-target side effects. Corticosteroids affect many signaling pathways beyond protease
synthesis, and in some models using isolated chondrocytes, higher doses of Dex have been shown
to negatively affect chondrocyte viability [64,66]. In models using cartilage explants, negative
effects on cartilage viability are not commonly observed; however, Dex can exacerbate
dysregulation of immune signaling late into disease treatment [18,89]. Long-term systemic
corticosteroid treatment has also been shown to increase incidence of osteoporosis, leading to
concerns over effects on bone homeostasis [208]. Distinguishing which patients may respond
positively to Dex could enable targeted treatment for a balance of anti-inflammatory and anti-
catabolic effects, without exposing patients that will not benefit from treatment to off-target

effects.

In the present study, we use a human ankle osteochondral model of PTOA, starting with initially
normal donor joints, to study early disease progression and to better understand catabolic and
anabolic responses in this multi-tissue context. Ankle tissues are relevant since up to 90% of the

incidence of ankle OA is post-traumatic [209]. Using discovery proteomics, we search for
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biomarkers of both protein release and proteolytic events; disease-related effects are revealed by
the media proteome as well as the intra-cartilage tissue proteome. This system allows investigation
of donor-specific responses to drugs like Dex in the context of multiple joint tissues, and to identify
potential ways of stratifying patients that do or do not respond to such treatment. We hypothesize
that, in this model of PTOA that incorporates cartilage-bone crosstalk, 1) the cartilage and bone
tissues will undergo catabolic degradation, 2) anabolic and homeostatic cellular processes will be
dysregulated, and 3) donors will respond differently to disease and drug treatment due to donor-

specific differences in cartilage and bone biology (Fig. 4.1A).

4.2 Materials and Methods

4.2.1 Explant harvest and treatment

Human osteochondral explants (3.5 mm diameter, full-thickness cartilage and ~4 mm bone) were
harvested from ankle talocrural joints of seven human donors (62F, 66M, 66M, 44F, 23M, 39M,
70M, Collins grade 0-1) obtained postmortem through the Gift of Hope Organ and Tissue Donor
Network (Itasca, IL). Explants were pre-equilibrated for two days in high glucose phenol red-free
Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher) before switching to low-glucose
phenol red-free DMEM, supplemented as described [174]. After pre-equilibration, osteochondral
explants were treated for 21 days + a single-impact mechanical injury (60% final strain at 300%/s
strain rate; both followed by immediate release at the same rate [130,131]) and inflammatory
cytokines (25 ng/mL tumor necrosis factor alpha (TNF-a) + 50 ng/mL interleukin-6 (IL-6) + 250
ng/mL soluble IL-6 receptor (sIL-6R); treatment IC), as well as with 100 nM Dex alone (D) or

treatment IC plus 100 nM Dex (ICD) (Fig. 4.1B). All donors provided both left and right ankles,
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and explants from one ankle were used for proteomic analysis while the other ankle was used for
sGAG and DNA biochemical analysis. Viability analysis was performed on samples randomized

from both ankles. Culture medium was collected and stored at -20°C until analysis.

4.2.2 Biochemical and viability analysis

Cartilage tissue was removed from the underlying bone and digested in 1 mg/mL proteinase K
(Sigma). sGAG content in the medium and digested cartilage tissue was determined using the
dimethylmethylene blue (DMMB) assay [139], and tissue DNA content was quantified with the
Quanti-iT PicoGreen dsDNA kit (Thermo) according to manufacturer instructions. Significance
for biochemical measurements was determined fitting the data to a linear mixed effects model with
donor as a random effect followed by a least squares means test, using the R package ImerTest. To
determine chondrocyte viability within the cartilage, 100-200 um vertical slices were cut from
intact cartilage and stained with fluorescein diacetate and propidium iodide (Sigma) as previously

described [18].

4.2.3 Mass spectrometry preparation and identification

Culture medium (50 pL) was prepared for mass spectrometry (MS) analysis as described
[130,174]. Cartilage tissue samples were removed from the underlying bone and prepared for MS
analysis as described [210]. Discovery MS was performed using a quadrupole Orbitrap benchtop
mass spectrometer (Q-Exactive HFX, Thermo Scientific) with prior separation of peptides using a
liquid chromatography system (EASY-nLC 1000, Thermo Scientific) on an analytical column
(PepMap RSLC C18, 75um x 25¢m, Thermo Scientific) coupled on-line using a nano-electrospray

ion source with a column temperature at +45°C (EASY-Spray, Thermo Scientific) using a flow
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rate of 300nL/min. Protein identification was performed in Proteome Discoverer 2.5 (Thermo
Scientific) using two search engines in parallel: a tryptic search against the UniProt human
(UP000005640 from 2021-01) sequence database combined with an MSPep spectral search against
the NIST human_Orbitrap HCD 20160923 library (mass tolerance: 10 and 20ppm in MS1, MS2
respectively. Other Sequest search settings were modifications: carbamidomethylation (fixed: C),
oxidation (variable: M, P) missed cleavages (max 2), mass tolerance (MS1-10ppm, MS2-0.02Da).
Label-free protein abundance quantification was obtained by averaging peak area intensities from
the top three unique peptides for each protein. To determine individual peptide abundances, we
performed a semi-tryptic database search to enable identification of non-tryptic cleavages within
the dataset. This was performed using the same combined searches as above but in series. The

protein false discovery rate (FDR) was 0.01 for both searches.

4.2.4 Bioinformatics analyses

For both the peptide and protein MS data sets, proteins were filtered out if they were exogenous
or not identified and quantified in at least 70% of samples, and missing values were imputed using
the k-nearest neighbor method [89,178]. Cartilage tissue data was normalized to the DNA content
per wet weight of cartilage tissue to adjust for different cell densities between donors. The media
data had significant batch effects due to two collections of donors, so data used for principle
component and regression analyses were batch corrected using the R limma package function
“removeBatchEffect” [132]. Protein and peptide abundance data were logr-transformed and
scaled, and principle component analysis (PCA) was performed using the "prcomp" function
[174]. Pairwise comparisons between treatments were performed on the individual peptide and

protein abundances. Statistical analysis on proteomic and peptide data was performed using limma
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and MATLAB (MathWorks). Protein and peptide abundances were regressed using partial least
squares regression against total SGAG loss or the percent of sSGAG loss that was rescued by Dex
treatment, which yielded a dot product of the first two loading vectors for each protein or peptide.
The proteins and peptides were ranked by their dot product and analyzed using Gene Set
Enrichment Analysis (GSEA) c5 gene sets with the Human UniProt IDs chip and 1,000 repeats for
enrichment score distributions [128,211]. Enrichment analysis for biological processes was

performed using the PANTHER database and STRING analysis as previously described [174,212].

4.3 Results

4.3.1 Cartilage viability and sGAG loss during disease and drug treatment

Osteochondral plugs from seven pairs of Collins grade 0-1 human donor ankles were successfully
cultured for three weeks. Without any treatment, the cartilage tissue lost around 20% sGAG
content and maintained chondrocyte viability, consistent with other studies using isolated cartilage
(Fig. 4.1C, Fig. 4.2). Low-dose treatment of only Dex had no effect on cell viability or sGAG loss,
while treatment with injury and cytokines (IC) caused widespread cell death in the cartilage and
increased sGAG loss significantly. The addition of Dex to IC treatment (ICD) ameliorated sGAG
loss, though not back to control levels, and reduced the amount of chondrocyte death. There were
donor-specific differences in how much sGAG loss each individual donor experienced, as well as

the degree to which Dex rescued sGAG loss, if at all (Fig. 4.3).

4.3.2 Mass spectrometry identification of proteins in media and cartilage tissue and disease

and Dex effects on media and cartilage proteomes

106



MS analysis identified 18,913 peptides with 2,041 identified and quantified proteins in the media,
and 8,732 peptides corresponding to 1,389 proteins in the cartilage tissue. The raw data are
available via ProteomeXchange with identifier PXD032213 [146]. After filtering as described in
the methods, the media contained 8,718 peptides corresponding to 1,451 proteins, and the cartilage
tissue 7,082 peptides and 1,141 proteins. The biological processes with the greatest representation
in proteins identified in the media were cellular process, metabolic process, and biological
regulation, with the same processes represented in the tissue proteome as well. PCA revealed that
injury and cytokine treatment had the strongest contribution to sample variability in the media,
while the donor effect was more significant for tissue samples (Fig. 4.4). Dex alone reduced the
release of some collagens and proteases into the media, with mixed effect on protease inhibitors
(Table 4.1). Dex had little effect on the tissue proteome normalized to DNA content (Table 4.2),
with a notable increase in tissue levels of matrix metalloproteinase 3 (MMP3) and superoxide
dismutase 2 (SOD2), and a decrease in tissue levels of procollagen-lysine, 2-oxoglutarate 5-

dioxygenase 1 and 2 (PLODI1 and 2), and collagen XI.

IC treatment caused an increase in the release of ECM components, proteases, pro-inflammatory
factors, and intracellular proteins to the media, with mixed effect on protease inhibitors. The major
effect on the tissue proteome was a loss of intracellular metabolic proteins, and an increase in
MMP2, MMP3, SOD2, and collagen II. Adding Dex to IC-treated osteochondral plugs reduced
the media release of ECM proteins including many collagens and proteases, and mostly increased
the release of protease inhibitors compared to IC alone. Many pro-inflammatory factors had
increased levels with ICD treatment compared to IC, while in the tissue there was no effect on

protein abundances.
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4.3.3 Disease and Dex effects on cartilage tissue and bone homeostasis

To investigate proteins identified in both the tissue and media proteomes and their behavior in
each compartment under disease stress, we compared the proteins with a significant effect of IC
treatment to their corresponding changes in the media with IC treatment (Fig. 4.5A). Some proteins
had a decrease in both media and tissue, including PLODI, collagen IX, and collagen XI. The
majority had a decrease in the tissue and a corresponding increase in the media, which had many
intracellular metabolic and homeostatic proteins such as ribosomal proteins, alcohol
dehydrogenase, and protein disulfide-isomerase A6. Proteins with increased levels in both tissue
and the media included MMPs -1, -2, and -3, serpin family E member 1 and member 2 (SERPINE1

and -2), and SOD2.

Media levels of osteomodulin (OMD), osteopontin (SPP1), osteonectin (SPARC), sclerostin
(SOST), and alkaline phosphatase (ALPL) were decreased with IC treatment (Fig. 4.5B). With
ICD treatment, media levels of SPARC and ALPL were increased compared to IC treatment, but
SPP1 was further decreased. Dex alone only caused the increase of OMD abundance in the media.
Osteoprotegerin (TNFRSF11B) did not experience a change with Dex or IC treatment alone, and

was slightly decreased by Dex addition to IC treatment compared to IC only.

4.3.4 Analysis of matrix breakdown at the peptide level
Aggrecan (ACAN, Fig. 4.6A) had peptides identified in the G1, G2, and G3 globular domains that
were mostly increased with IC treatment compared to control in the media. The tryptic peptides

identified in the media for collagen I (COL2A1, Fig. 4.6B) were decreased with IC treatment in
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the N- and C- terminal regions but increased in the center of the protein. In the tissue, all tryptic
peptides identified in the G3 domain of aggrecan had decreased release compared to control under
injury and disease stress (Fig. 4.6C), and the effect on collagen II was only significant in the C-
terminal region (Fig. 4.6D). Semitryptic peptides found only in the IC-treated condition were
found from proteins including fibronectin-1 (FN1), COMP, biglycan (BGN), and collagen VI in

the tissue, and collagen 11, MMP3, MMP13, fibrillin-1 (FBN1), and FN1 in the media.

Dex had mixed effects on semitryptic peptides, those generated by endogenous proteases and not
through trypsin digestion during MS preparation. Many proteins with several identified semitryptic
peptides had opposite effects, such as aggrecan (Fig. 4.6E), where semitryptic peptides found in
the G1 domain had increased release into the media with Dex treatment, but semitryptic peptides
from the G2 and G3 domains were decreased compared to control. Dex broadly caused a decrease
in media levels of peptides from collagen II (Fig. 4.6F), including in the N- and C-terminal regions,
with only three having increased abundances compared to control. Collagen I (COL1AT) peptides
in both the N- and C-terminal propeptide regions were decreased in the media with both Dex and

IC treatment (Fig. 4.7).

To investigate which semitryptic peptides may be biomarkers of disease progression,
the abundances of each semitryptic peptide were averaged across three biological replicates within
each treatment condition and donor, and then regressed against the total percent sGAG loss, an
analogue for disease severity, for that treatment condition and donor. From the top 50 peptides

with the greatest association with increased sGAG loss, the most represented proteins were MMP1,
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ACAN, lumican (LUM), COMP, and MMP3, with other ECM components fibromodulin

(FMOD), and FBN1 notably among the top 50 as well (Fig. 4.8).

4.3.5 Donor-specific effects on SsGAG loss and media proteome

To investigate what protein biomarkers in the media correlated with Dex response, we calculated
the percent of the increased sGAG loss caused by IC treatment compared to control that was
rescued by Dex for each donor, and regressed the batch-corrected media proteomic data against
this Dex rescue percent. When regressing all samples, apolipoproteins, proteins involved in the
complement response, and pro-inflammatory factors were all associated with a lower response to
Dex, i.e. less of a rescue of increased sGAG loss with IC treatment (Fig. 4.9A). To look for
potentially predictive markers of a lack of a Dex response, we regressed only the control samples
against the Dex percent rescue effect (Fig. 4.9B). As with the regression against all media samples,
higher levels of proteins associated with humoral immune responses was associated with a lack of

a Dex response, as well as proteasomes 20S and 268S.

4.4 Discussion

In this ex vivo model of human ankle PTOA, we sought to answer how initial stages of cartilage
catabolism occur in the presence of both cartilage and underlying bone. We also investigated how
anabolic and metabolic processes would be dysregulated, and what donor-specific responses to
both disease and drug treatment would occur. This system used healthy primary osteochondral
plugs to study PTOA, rather than total joint replacement discards, as is often the default for in vitro
osteochondral studies [213]. The effects of injury and cytokine exposure were significant factors

driving variance within the proteomic data from both the media and tissue (Fig. 4.4A & C). IC
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treatment increased the release of ECM components, proteases, pro-inflammatory factors, and
intracellular proteins to the media, with mixed effect on protease inhibitors. This agrees with
previous models using isolated human knee cartilage [89,174]. The addition of Dex to injury and
cytokine-treated osteochondral explants reduced the release of many ECM proteins including
aggrecan, collagen VII, lumican, and fibrillin-2, as well as proteases including MMPs 1, 3, 9, and
10, consistent with previous conclusions on the anti-catabolic actions of Dex in models of PTOA
[18,89,129,174]. Many intracellular proteins identified in both the tissue and media proteomes had
decreased levels in tissue and corresponding increases in the media under injury and cytokine
stress (Fig. 4.5A), and under IC stress, there was a significant amount of chondrocyte death
compared to control (Fig. 4.2). As previously hypothesized, the presence of these proteins in the

media could be markers of early necrotic cell death [89,174].

This model allowed for the analysis of specific mechanisms of matrix breakdown by observing the
behavior of individual regions of proteins such as aggrecan. Under disease stress, the G2 and G3
globular domains saw significant levels of cleavage and release into the media, while there was
less of an effect on the G1 domain as determined by the behavior of peptides identified in those
regions (Fig. 4.6A). The aggrecan found in the tissue was depleted for peptides from the G3 region
under IC stress, while the abundances of peptides from the G1 and G2 domains were relatively
unchanged. This supports previous findings that aggrecan is degraded primarily from the G3

domain in the N-terminal direction towards the other interglobular regions [130,172,214].

Changes in anabolic protein synthesis important to cartilage recovery from disease processes can

also be observed by analyzing effects on specific peptides. Peptides found in the N- and C- terminal
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domains of collagen II had decreased abundance in the media with injury and cytokine treatment
(Fig. 4.6B), and the C-terminal domain peptide identified in the tissue had significantly lower
levels with IC treatment (Fig. 4.6D). The N- and C- terminal domains of collagen II are cleaved
during maturation and incorporation into the matrix, and lower levels of these domains in the media
and tissue suggest decreases in the synthesis of new collagen I and suppression of anabolic repair
[215]. Dex also suppressed the synthesis of new collagen II as indicated by lower levels of the N-
and C-terminal peptides in the media compared to control (Fig. 4.6F). These findings are
consistent with the anti-catabolic effects of Dex in suppressing protease activity under injury and
cytokine stress, thereby decreasing matrix breakdown; however, reports on the effects of Dex on
matrix homeostasis in healthy cartilage and chondrocytes are mixed [129]. Additionally, Dex
affected the activity of proteases and protease inhibitors in healthy tissue, as indicated by
increasing the release of specific semitryptic peptides from aggrecan and decreasing the release of

others (Fig. 4.6E).

This multi-tissue model combining bone and cartilage incorporates the effects of crosstalk, as bone
also undergoes changes due to disease and Dex treatment. OMD, SPP1, SPARC, SOST, and ALPL
are common biomarkers of bone health and disease responses. Secreted levels of all these
biomarkers were decreased in the media with IC treatment compared to controls. Some of the
selected biomarkers are protective under osteoarthritic stress: OMD stimulates osteogenesis, and
SOST was protective of cartilage viability in a mouse model of OA/PTOA [216-218]. However,
SOST inhibits bone formation, implicating complex regulation of bone and cartilage viability
during disease pathogenesis. The synthesis of collagen I, an indicator of osteoblast metabolism,

was decreased under disease stress based on levels of its propeptides in the media (Fig. 4.7B),
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though changes in collagen I synthesis in the cartilage could also have contributed to this effect
[219]. The results presented here contradict some previous reports on the presence of these
biomarkers under OA stress. SPP1, ALPL, and SPARC have all been shown to be increased in
models of OA or associated with OA severity in patient serum, but were decreased with IC
treatment in this model [186,220,221]. This could be due to the lack of synovial and other joint
tissues, and the crosstalk between all these tissues in the joint, as well as the contribution of the

synthesis of these biomarkers from the synovium [186].

In addition, the present model focuses on early stages of PTOA progression, and effects on the
production of these biomarkers or on the bone itself could be delayed compared to early changes
observed in the cartilage, as osteopontin levels were not elevated compared to control with injury
and cytokine treatment [ 186,222]. Corticosteroids are expected to affect bone biology, as at certain
doses and durations of exposure they can cause osteoporosis and are generally considered
detrimental to bone health [208,223]. However, in this study Dex had mixed effects on these
biomarkers of bone health, rescuing decreased levels of ALPL and SPARC when added to 1C-
treated osteochondral explants, but further decreasing the levels of SPP1. Dex alone only caused
a change in secreted OMD, increasing the amount of this osteogenic biomarker compared to
control. However, Dex alone also decreased the synthesis of collagen I overall (Fig. 4.7A). The
relatively short duration (3 weeks) and low dose of Dex used in our study (100 nM) may mitigate
against strong catabolic effects on the bone, as negative effects on bone health may be more

prevalent with longer exposure and later stages of PTOA progression.
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As semitryptic peptides are generated by endogenous protease activity and not by trypsin treatment
during MS preparation, these peptides can serve as potential biomarkers for the identification of
PTOA progression. Other protease-generated neoepitope fragments such as the COMP neoepitope
Ser’” are already being investigated as disease biomarkers [182]. Proteases including MMPs are
synthesized and released at the earliest stages of PTOA progression in in vitro models, so the
production of semitryptic peptides as proteases begin to act on matrix proteins is a promising target
to find prognostic PTOA biomarkers. This study identified semitryptic peptides that were only
present with IC treatment from matrix proteins including COMP, FN1, and BGN, as well as many
that were highly associated with sGAG loss. This regression against SGAG loss identified
semitryptic peptides from aggrecan, COMP, FBN1, FMOD, LUM, MMP1, and MMP3 (Fig. 4.8),
as those most predictive of disease severity. These are promising candidates for PTOA biomarkers

that should be investigated further in clinical samples to determine their potential prognostic use.

Biomarkers are desirable to determine which patients are most at risk of developing PTOA
immediately after an injury, as well as to determine which might respond best to a therapeutic such
as Dex, particularly because of potential off-target effects [5,224]. This study demonstrated
differences in donor responses to Dex (Fig. 4.3) that allowed for investigation of proteins that best
predicted which donors were responders and non-responders. Proteomic data were regressed
against the amount of sGAG lost under disease stress that was rescued by Dex treatment in order
to determine which proteins best predicted anti-catabolic activity. Over all samples, high levels of
apolipoproteins and proinflammatory immune factors were associated with a lack of a Dex
response. Apolipoproteins A, B, C, and H were all inversely associated with a Dex rescue effect

on sGAG loss, while the anti-inflammatory apolipoprotein E was associated with a Dex rescue
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effect [225-227]. However, apolipoproteins A and B have also been shown to have anti-
inflammatory activity, inhibiting T cell activation and the innate immune response [228]. Dex does
have anti-inflammatory effects, but a highly elevated initial inflammatory state could prevent its
anti-catabolic activity. When regressing only the untreated control condition, most analogous to
healthy patients or very early stages of the disease, a lack of a Dex rescue response was associated
again with humoral immune processes, as well as proteasomes 20S and 26S. Proteasomes play a
role in T cell activation and immune responses, and circulating proteasomes have been associated
with immunological activity and cellular damage [229,230]. This finding further supports that
elevated immunological activity before disease induction is associated with a lack of Dex response,
which may help to distinguish patients that may best respond to Dex. The baseline inflammatory
state of a joint and presence of proteins such as apolipoproteins is likely tied to sex, diet, BMI,
lifestyle, genetic disposition, and many other factors that cannot be explored with such a small
number of donors, and all of this information was not available for these anonymized samples
[231]. Further investigation of clinical samples from many Dex-treated patients is necessary to
follow up on the possibility that apolipoproteins and proteasomes are predictors of a stronger Dex
response, and what relationship those protein biomarkers have to other characteristics such as sex

or weight that could be used in tandem to predict drug responses.

4.4.1 Study limitations

PTOA of the talocrural joint is a relevant model system to study as the incidence of ankle PTOA
1s expected to rise as our population ages; however, ankles are not the only joints that can undergo
PTOA progression [209]. Because of differences between joint physiology, these results must be

validated in samples from knee and hip cartilage to confirm their translatability to those models,
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as the drug and disease responses may be different in this same time span in a different joint. For
example, it has been shown that protein turnover rate for COMP and G1 aggrecan was higher in
the ankle compared to the knee [232]. The use of primary human samples allowed for a more
translatable in vitro model system but introduced several limitations. Depending on the area of the
ankle that the osteochondral plugs were harvested from, the cartilage thickness could vary by up
to a millimeter. Normalizing to cartilage weight and DNA content addressed differences in both
the amount of tissue and number of cells within the tissue, but differences in drug transport could
still affect the biological response of the tissue. Osteochondral plugs from different areas of the
ankles were randomized between treatment conditions to further address the location-specific
variation. The donor osteochondral plugs had differences in bone density, vascularity, and
cellularity, and while the bone could be cut to approximately the same length, it did not always cut
perfectly. Nevertheless, this work builds off previous studies that used more repeatable juvenile
bovine cartilage explants which could be cut to the same thickness. Our present results confirm
several of those previous findings of disease and Dex effects [174], specific to the timing and
dosing of Dex treatment, as well as continuous exposure to inflammation. The current approach to
intra-articular injection of corticosteroids involves a much higher initial dose that is maintained
for a much shorter time due to rapid clearance from the joint. However, novel methods of drug
delivery are currently under investigation to replicate low-dose Dex delivery over a longer
durations targeted to cartilage [117,119,149]. The addition of synovial tissue to this system would
broaden applicability to knee and other joints, but would introduce uncontrolled and inconsistent
levels of inflammatory cytokines compared to controlled addition of exogenous cytokines [98].
Our proteomic analysis used MS identification based on trypsin digestion of media and tissue

proteins, which removes the ability to identify some endogenously produced peptides. Using other
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digestions enzymes would allow for more identifications, but every enzyme will have limitations.
We utilized a high threshold of confidence for identification and strict filtering for inclusion to
compensate for any single-peptide identifications or quantifications. The tissue proteome only
includes proteins that could be solubilized and extracted from the tissue, leaving cross-linked
matrix proteins behind. Proteins identified in the media by MS could have been released from both
cartilage and bone, so it is difficult to explicitly say what tissue changes in media levels of proteins

originate from.

4.5 Conclusions

This osteochondral human ex vivo model of PTOA allowed for the analysis of disease progression
and Dex effects in a multi-tissue context allowing crosstalk between cartilage and bone starting
with healthy tissue. The combination of a single mechanical injury, TNF-a, and IL-6 treatment
caused catabolic changes and a suppression of cartilage anabolism, in line with other studies using
isolated cartilage. This model of early PTOA caused some changes to bone metabolism as well,
which did not extend to full bone breakdown but suppressed normal homeostatic processes. The
addition of Dex to this PTOA model confirmed the anti-catabolic effects seen in previous studies
using isolated cartilage, and peptidomic analyses revealed a suppression of collagen II synthesis
and dysregulation of endogenous protease activity, even with healthy cartilage. Elevated levels of
humoral proteins and apolipoproteins were associated with a lack of a Dex response, a promising
set of predictive biomarkers for patient Dex response that could allow for targeted, personalized
drug treatment that can be combined with pro-anabolic drugs to offset potential off-target effects
[18]. The potent anti-catabolic effects of Dex must be balanced with its potential off-target effects,

so its use as a DMOAD is likely most appropriate with a targeted delivery system to cartilage and
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much lower doses than what is currently used clinically. With Dex as a promising DMOAD
candidate for early PTOA intervention, prognostic biomarkers are critical to determine patients
most at risk of developing PTOA as well as those most likely to respond to Dex. Semitryptic
peptide biomarkers associated with PTOA progression from several ECM proteins and proteases
presented in this study should be validated against longitudinal clinical samples and used in tandem
with other biomarker candidates, as with patient heterogeneity there is likely not only one single

sufficient biomarker.
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Figure 4.1. Graphical abstract, methods overview, and summed sGAG loss across all donors. A. This model of
PTOA incorporates crosstalk between cartilage and bone, which is involved in the progression of catabolism under
disease stress, dysregulation of homeostatic processes, and donor-specific responses to drug treatment. B. Grade 0-1
osteochondral plugs containing full-thickness cartilage and 4-5 mm of the underlying bone were harvested from the
talus joints of seven adult human donors. After two days of equilibration, plugs were left untreated, treated with 100
nM Dex, subjected to a single impact mechanical injury and cultured with 25 ng/mL TNF-a, 50 ng/mL IL-6, and 250
ng/mL sIL-6R, or treated with injury, cytokines, and Dex for three weeks. C. sGAG loss over three weeks across all
seven donors. N: no treatment; D: Dex alone treatment, IC: injury and cytokine treatment; ICD: injury, cytokines, and
Dex. Error bars represent standard deviation. Bar: p <0.05, day 21 total % sGAG loss.
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Figure 4.2. Fluorescent imaging assessment of cartilage viability from osteochondral plugs. Vertical cartilage
tissue sections (~100 pm thick) were stained with fluorescein diacetate (green) and propidium iodide (magenta) after
three weeks with no treatment (A), Dex alone (B), injury and cytokine treatment (C), and injury, cytokines, and Dex
(D). Scale bar: 1 mm. Arrows: superficial cartilage surface.
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Figure 4.3. sGAG loss within individual donors. sGAG loss over three weeks across for each donor. N: no treatment;
D: Dex alone treatment, IC: injury and cytokine treatment; ICD: injury, cytokines, and Dex. Error bars represent

standard deviation.
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Figure 4.4. Principal component analysis of media and tissue proteomes. PCA was performed on filtered and
imputed proteomic data for batch-corrected media samples (A, B) and DNA-normalized tissue samples (C, D). N: no
treatment; D: Dex alone treatment, IC: injury and cytokine treatment; ICD: injury, cytokines, and Dex. Percentages
on axes represent percent variance explained by that principal component.
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Figure 4.5. Effects of disease on cartilage tissue and biomarkers of bone homeostasis. A. Log> fold change (FC)
of proteins with a significant effect with injury and cytokine (IC) treatment versus control (N) in cartilage tissue plotted
against their media logz FC of IC/N. Colors represent significance and direction of effect in media. B. Log: fold change
of media levels for selected biomarkers of bone health. N: no treatment; D: Dex alone treatment, IC: injury and
cytokine treatment; ICD: injury, cytokines, and Dex. ALPL: alkaline phosphatase; OMD: osteomodulin; SPARC:
osteonectin; SPPI: osteopontin; SOST: sclerostin; TNFRSF11B: osteoprotegerin. *: p < 0.05.
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Figure 4.6. Effects of disease and Dex on individual tryptic and semitryptic peptides from aggrecan and collagen
II. Log: fold change of injury and cytokine treatment versus control (A-D) or Dex versus control (E-F) abundances
of peptides identified in aggrecan (ACAN; A, C, E) and collagen I (COL2A11; B, D, E). Peptides identified in media
(A, B, E, F) or tissue (C, D). x-axis: residue position of first amino acid for each peptide. Orange: significant (p <
0.05) increase compared to control. Blue: significant (p < 0.05) decrease compared to control. Grey: no significant
change compared to control (N.S.) Positions of globular domains for aggrecan (G1, G2, G3) and collagen II N- and
C-terminal regions (N-term. and C-term., respectively) are highlighted.
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Figure 4.7. Changes in media abundances of collagen I tryptic peptides with Dex and disease treatment. Log>
fold change of Dex treatment versus control (A) or injury and cytokine treatment versus control (B). x-axis: residue
position of first amino acid for each peptide. Orange: significant (p < 0.05) increase compared to control. Blue:
significant (p < 0.05) decrease compared to control. Grey: no significant change compared to control (N.S.) Positions
of N- and C-terminal regions (N-term. and C-term., respectively) are highlighted.
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Figure 4.8. Semitryptic peptides associated with increased sGAG loss. Semitryptic peptide abundance data across
all media samples were regressed against sGAG loss for each donor and treatment condition. Selected peptides from
among the top 50 highest associated peptides are Grey areas represent notable domains for each protein; ACAN:

globular domains; COMP: N-terminal domain, FBN1: N- and C-terminal domains; FMOD: leucine-rich repeats;
LUM: leucine-rich repeats; MMP1: propeptide; MMP3: propeptide. * : Carbamidomethylation of cysteine residue.
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Figure 4.9. Partial least squares regression of Dex rescue effect on sGAG loss. A. Protein loadings after PLSR of
all batch-corrected media proteomic data against the percent of increased SGAG loss caused by IC treatment that was
rescued by Dex for each donor. Enriched biological processes were determined with Gene Set Enrichment Analysis.
XL: predictor loading values. B. PLSR of only untreated control media against the percent Dex rescue of increased

SGAG loss with IC treatment.
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Table 4.1. Biological process and molecular function enrichment for media proteins significantly affected by
Dex or injury treatment. Proteins with a significant effect (either increased or decreased, p < 0.05) of Dex versus
control (D/N), mechanical injury and cytokine treatment versus control (IC/N), or injury, cytokines, and Dex versus
injury and cytokines (ICD/IC) were analyzed with STRING protein association network analysis, and the five
biological processes and molecular functions with the strongest enrichment (logio(number of observed
proteins/number of expected proteins)) were selected. FDR: false discovery rate.
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Table 4.2. Biological process and molecular function enrichment for tissue proteins significantly affected by
Dex or injury treatment. Proteins with a significant effect (either increased or decreased, p < 0.05) of mechanical
injury and cytokine treatment versus control (IC/N), or injury, cytokines, and Dex versus injury and cytokines
(ICD/IC) were analyzed with STRING protein association network analysis, and the five biological processes and
molecular functions with the strongest enrichment (logio(number of observed proteins/number of expected proteins))
were selected. FDR: false discovery rate.

131



Chapter 5. Conclusions and Future Directions

The research in this thesis used systems-level proteomics analyses of cartilage monoculture
and osteochondral co-culture of human and bovine explants in ex vivo models of post-traumatic
osteoarthritis (PTOA) to better understand the effects of disease progression on catabolism and
anabolism and identify disease biomarkers. These models were further used to study the effects of
Dex on suppressing catabolic changes without entirely restoring anabolic processes to control
levels, with minimal effects on healthy untreated controls.

Cartilage monoculture from juvenile bovine joints in a PTOA model using a mechanical
injury and inflammatory cytokine treatment allowed analysis of the differential release of proteins
from diseased and healthy tissues over three weeks. In this model, mechanical injury had little
effect on the media proteome over the entire duration of treatment. Proteomic analysis of culture
media revealed increases in extracellular matrix components and inflammatory mediators that
were mostly attenuated with the addition of Dex, demonstrating its protective effect against matrix
breakdown. The anti-catabolic effect of Dex was further confirmed with biochemical analyses of
aggrecan and COMP fragmentation, with the addition of Dex preventing the generation of specific
protease-generated breakdown products. Several proteins with increased release were suggested
as novel biomarker candidates for early disease identification.

The disease response on the release of some anabolic factors was mixed, with some having
increased levels and others decreased in the media, and Dex did not rescue most of these disease
effects. Dex did, however, increase the release of some proteins across all conditions, even in
healthy cartilage, providing insights into its minimal but non-negligible off-target effects.

This bovine PTOA model was expanded to use adult human ex vivo cartilage from a healthy

knee joint, and differential and hierarchical clustering analyses of culture media proteomes were

132



performed to assess both the differential release of proteins as well as the timing of their release in
diseased and Dex-treated contexts. This model of early PTOA progression showed the peak release
of many biomarker candidates nine to fifteen days after the induction of disease, relevant to when
a patient may visit a clinician post-injury. Many biomarker candidates identified in the previous
bovine model were confirmed in the human data, confirming the utility of animal model systems
in some contexts. These data on the timing of the release of extracellular matrix components also
provided insight into the sequential release of different matrix proteins, with collagen-binding
proteins and some proteoglycans proteolytically cleaved and released before larger proteins such
as collagen II can be accessed by proteases.

In this model of early human PTOA, Dex continued to show anti-catabolic effects, reducing
the release of many proteases and matrix components indicative of cartilage breakdown. Dex
treatment also restored most of the kinetics of release of the proteome to control levels. However,
notably several proteases, protease inhibitors, and immune regulators such as complement proteins
did not return to their control kinetics with Dex treatment, with some proteases still experiencing
increased release within a week of disease induction and many immune factors released
approximately two and a half weeks intro treatment. This suggests that the anti-inflammatory
effects of Dex do not entirely maintain that signaling at control levels, but still cause some
dysregulation of immune signaling with extended treatment with Dex.

As PTOA progression is regulated by several joint tissues and not cartilage alone, the
human PTOA model was expanded to include osteochondral plugs consisting of full-thickness
cartilage and the underlying subchondral and trabecular bone from macroscopically healthy human
cadaver ankles. Catabolic effects on cartilage including chondrocyte death, increased release of

extracellular matrix components, and protease release were consistent with findings of cartilage
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monoculture PTOA models. The suppression of anabolism was further explored by analyzing not
only the media proteome, but also changes within the tissue and disease effects on individual
peptides. Collagen II and collagen I synthesis were decreased with both inflammatory cytokine
and Dex treatment as indicated by changes in their N- and C-terminal propeptide regions, and bone
homeostatic processes were suppressed with injury and cytokine treatment. Proteomic data were
regressed against biochemical analysis of sSGAG loss, an analogue for disease severity, to
determine semitryptic peptides associated the most with disease progression. Many peptides from
matrix components such as cartilage oligomeric matrix protein, lumican, and aggrecan were
identified as being highly associated with sGAG loss, suggesting they may have utility as
prognostic disease biomarkers during early breakdown events.

Adding Dex to healthy as well as cytokine-treated osteochondral plugs suppressed
endogenous protease activity as indicated by the reduction of protease-generated aggrecan
semitryptic peptides. Broadly, Dex decreased matrix breakdown and sGAG loss, but individually
the seven donors had different magnitudes of Dex rescue of SGAG loss. The Dex rescue effect was
regressed against media proteomic data for each donor to find proteins most predictive of a Dex
effect, and elevated levels of immune and humoral proteins were associated with a lack of a Dex
response. Regression against control samples alone revealed proteasomes and humoral immune
proteins as those most associated with a low Dex response, providing a promising set of biomarkers
to stratify patients that might benefit the most from Dex treatment.

Future directions of this work involve expanding these model systems to cover more joint
tissues such as the synovial joint capsule and to study the effects of treatment-relevant doses of
Dex, such as adding a bolus dose of Dex several days after the induction of injury or using targeted

delivery methods to deliver a low dose for an extended duration without adding new Dex every
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media change. The results on potential prognostic disease biomarker candidates at both the protein
and peptide level must be validated against longitudinal clinical samples, which will allow for
early disease identification and more targeted clinical outcome measures to assess drugs like Dex.
Overall, these results broadly suggest that Dex has potent anti-catabolic effects and minimal effects
on cartilage homeostasis early in treatment, with only extended doses causing some changes in
immune signaling and regulation of matrix organization, painting it as a safe and effective method

of preventing PTOA progression with early, targeted intervention.
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Al.1 Introduction

Glucose metabolism is critical to cartilage function and homeostasis during development as well
as osteoarthritis (OA) pathogenesis [1]. Glucose can be broken down into lactate or pyruvate
through glycolytic pathways that involve many reversible steps. The reversal of this process to
synthesize glucose is called gluconeogenesis, which also utilizes the enzymes glucose-6-
phosphatase (G6PC) and pyruvate carboxykinase (PEPCK) [2]. Cartilage is normally a highly
glycolytic tissue, breaking down glucose to generate ATP mainly through anaerobic pathways, as
mature cartilage has no vasculature, receiving its oxygen only from synovial fluid. During OA
progression, glycolysis is upregulated as gluconeogenesis is downregulated to produce more ATP
for anabolic processes [3,4]. Though this shift in metabolism produces more energy for protective
reactions to disease stresses such as matrix synthesis, chondrocytes can be damaged due to the side
effect of increased reactive oxygen species production from the mitochondrial electron transport
chain. Many other systems-wide metabolic changes occur during OA progression, such as changes
in lipid metabolism [3]. Metabolic biomarkers for OA progression related to these changes have
been suggested, such as low serum levels of high-density lipoprotein cholesterol and the ratio

between branch-chain amino acids and histidine [5,6].

Dexamethasone (Dex) is a corticosteroid that has shown promise as an anti-catabolic drug for the
prevention of post-traumatic OA (PTOA), with many reports studying its effects against matrix
degradation and inflammatory responses [7-9]. However, its effects are not limited to preventing
matrix catabolism or reducing inflammation, as steroids also exert effects on the energy
metabolism of tissues themselves [10]. 24 hours of treatment with 10 uM cortisol was shown to

decrease glucose uptake by chondrocytes isolated from patients with OA, with or without
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interleukin-1 beta (IL-1pB) stimulation [11]. Dex modulates glucose levels systemically as well as
locally within tissues by stimulating gluconeogenesis, though this effect has not been explored
extensively in cartilage tissue [10,12]. As cartilage tissue can be damaged by oxidative stress
produced by the shift towards glycolysis and increased ATP production in early OA, Dex may
exert a protective effect and restore normal cartilage homeostasis by reversing the shift towards
glycolysis. It is also of interest whether other metabolic pathways are affected by Dex to better

understand the full scope of its effects on cartilage tissue.

The aim of this study is to observe the effect of Dex on cartilage energy metabolism via PCR,
proteomic, and metabolomic analyses. We utilize bovine and human ex vivo models of PTOA to
address the hypotheses that the induction of OA will increase glycolytic protein synthesis, while
Dex will stimulate gluconeogenic gene synthesis. Using systems-level metabolomics analysis, we
observe changes in metabolites associated with glycolysis and the tricarboxylic acid cycle, as well
as other parts of energy metabolism, in cartilage treated with inflammatory cytokines and/or low

doses of Dex.

A1.2 Materials and Methods

A1.2.1 Proteomic identification of metabolic enzymes

We utilized metabolic protein release from an existing proteomic data set of cytokine- and Dex-
treated cartilage [8]. Cartilage disks (3 mm diameter x 1 mm height, including the intact superficial
zone) were harvested from the femoropatellar grooves of 1-2-week-old bovines. After harvesting,
explant disks were pre-equilibrated for two days. Four bovine explants were cultured per well,

with one well per treatment condition for each of three animals. Explants were grouped into
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untreated controls (N), continuous treatment with 100 nM Dex (D), continuous treatment with
inflammatory cytokines (C = 10 ng/ml TNF-a, 20 ng/ml IL-6 and 100 ng/ml soluble IL-6 receptor
(sIL-6R)), or cytokines plus 100 nM Dex (CD). Culture media was collected between the 48 and
96 hour timepoints and stored at -20°C. Proteomic identification and quantification using in-
solution trypsin digestion followed by LC/MS/MS (Q-Exactive™) were performed for pooled
culture medium samples using Proteome Discoverer 2.4 (Thermo). Statistical analyses were

performed with the R package limma and empirical Bayes statistics [13].

A1.2.2 Bovine explant harvest and viability analysis

For quantitative real-time PCR (qQRT-PCR) analysis, cartilage disks were harvested as above from
separate bovine donors and treated for 72 hours with no treatment (N), 10 nM Dex, 100 nM Dex
(D), 1 uM Dex, continuous culture with inflammatory cytokines (C = 25 ng/ml TNF-a, 50 ng/ml
IL-6 and 250 ng/ml sIL-6R for qRT-PCR samples) and cytokines plus 100 nM Dex (CD). Cartilage
explants were washed with phosphate buffered saline and snap-frozen in liquid nitrogen until
analysis. Chondrocyte viability was assessed by staining 100-200 pwm vertical slices cut from intact
cartilage and stained with fluorescein diacetate and propidium iodide (Sigma) as previously
described [14]. Tissue DNA content was determined using the Quanti-iT PicoGreen dsDNA kit

(Thermo) according to manufacturer instructions.

A1.2.3 qRT-PCR for glycolytic and gluconeogenic genes
RNA was extracted from three bovine cartilage plugs per treatment condition and reverse
transcribed to cDNA as previously described [15]. Genes of interest were those identified from

proteomic analyses in culture media: triosephosphate isomerase 1 (TPI1), phosphoglycerate kinase
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1 (PGK1), phosphoglycerate mutase 1 (PGAM]1), and enolase 1 (ENOI). Glycolytic enzymes
targeted for PCR analysis were glucose-6-phosphatase (G6PC) and cytosolic and mitochondrial
phosphoenolpyruvate carboxykinase (PCK1 and -2, respectively). Primers used for qRT-PCR are
listed in Table A1.1. Expression values were found by the AAct method normalized to f-actin and
pre-treatment cartilage. Statistical analysis was performed with the R package lme4, fitting the
data to a linear mixed effects model with cow as a random variable and calculating p values with

a least-squared means test.

A1.2.4 Human ankle cartilage explant harvest

Human osteochondral explants (3.5 mm diameter, full-thickness cartilage) were harvested from
ankle talocrural joints of three human donors (48F, 60M, 47M, Collins grade 0-1) obtained
postmortem through the Gift of Hope Organ and Tissue Donor Network (Itasca, IL). Explants were
pre-equilibrated and cultured as described [8]. After pre-equilibration, osteochondral explants
were treated for 48 hours with no treatment (N), with 100 nM Dex (D), continuous culture with
inflammatory cytokines (C = 25 ng/ml TNF-a, 50 ng/ml IL-6 and 250 ng/ml sIL-6R for qRT-PCR
samples) and cytokines plus Dex (CD). All donors provided both left and right ankles, and explants

from both ankles were randomized within each treatment condition.

A1.2.5 Metabolite extraction and metabolomics analysis

Six human cartilage explants per treatment condition (day 0 untreated, and N, D, C, CD after 48
hours) were weighed and snap-frozen in liquid nitrogen. Frozen cartilage was pulverized and 25
ul/mg tissue 80% methanol in water with internal standards was added. Samples were

homogenized for 30 seconds and then vortexed for one minute before centrifuging for 10 minutes
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at maximum speed at 4°C. 500 uL per sample was collected, avoiding the pellet, and dried in a

lyophilizer overnight.

Metabolite profiling was conducted on a QExactive bench top orbitrap mass spectrometer
equipped with an Ion Max source and a HESI II probe, which was coupled to a Dionex UltiMate
3000 HPLC system (Thermo Fisher Scientific, San Jose, CA). External mass calibration was
performed using the standard calibration mixture every 7 days. Typically, samples were
reconstituted in 50 ulL water and 2 uL were injected onto a SeQuant® ZIC®-pHILIC 150 x 2.1
mm analytical column equipped with a 2.1 x 20 mm guard column (both 5 mm particle size;
Millipore-Sigma). Buffer A was 20 mM ammonium carbonate, 0.1% ammonium hydroxide;
Buffer B was acetonitrile. The column oven and autosampler tray were held at 25°C and 4°C,
respectively. The chromatographic gradient was run at a flow rate of 0.150 mL/min as follows: 0-
20 min: linear gradient from 80-20% B; 20-20.5 min: linear gradient form 20-80% B; 20.5-28 min:
hold at 80% B. The mass spectrometer was operated in full-scan, polarity-switching mode, with
the spray voltage set to 3.0 kV, the heated capillary held at 275°C, and the HESI probe held at
350°C. The sheath gas flow was set to 40 units, the auxiliary gas flow was set to 15 units, and the
sweep gas flow was set to 1 unit. Mass spectrometry (MS) data acquisition was performed in a
range of m/z = 70-1000, with the resolution set at 70,000, the AGC target at 1x10°, and the
maximum injection time at 20 msec. Relative quantitation of polar metabolites was performed with
TraceFinder™ 4.1 (Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an in-
house library of chemical standards. Data were filtered according to predetermined QC metrics:

CV of pools <25%; R of linear dilution series <0.975.
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Metabolomic data were filtered to remove exogenously added standards and metabolites with
>50% missing values. For each standard, the ratio of each sample to the median quantity of that
standard across all samples was calculated, and each sample normalized to the average of its
standard ratios. Metabolite quantities were then normalized to the average DNA/wet weight
content of each treatment condition for each donor, determined from three separate osteochondral

explants. Statistical analyses were performed with the R package limma as above.

A1.3 Results

A1.3.1 Glycolytic enzymes experience increased release from diseased cartilage

Proteomic analysis of early conditioned culture medium identified several glycolytic enzymes
(TPI1, PGK1, PGAMI, and ENO1) with increased release from juveline bovine cartilage with
cytokine treatment after 96 hours (Fig. Al.1). These proteins all had increased release with
cytokine and Dex treatment (C/N; CD/N), with a non-significant decrease compared to cytokines

alone (CD/C). Dex alone had no significant effect on the release of these proteins.

A1.3.2 Bovine cartilage experienced no change in viability between experimental conditions
The increased release of intracellular metabolic proteins was hypothesized to be an indicator of
cell death in the cytokine-treated conditions, so bovine cartilage explants were analyzed with
FDA/PI fluorescent imaging (Fig. A1.2). After 72 hours, no treatment condition showed any visual
difference in cell death compared to control (Fig. A1.2A), even with the addition of inflammatory

cytokines (Fig. A1.2C).
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A1.3.3 Glycolytic and gluconeogenic protein synthesis were not affected by Dex

To investigate the regulation of these genes related to glucose metabolism under disease and Dex
stress, we performed qRT-PCR after 72 hours of (Fig. A1.3). All three tested doses of Dex had
little to no effect on the genes, with 10 nM Dex slightly decreasing the synthesis of G6PC and
PCK2, and 1 uM Dex decreasing G6PC synthesis (Fig. A1.3E-G). In cartilage explants from a
separate batch of bovine calves, cytokine treatment decreased the synthesis all four glycolytic
genes (Fig. A1.4A-D) with no effect on the three gluconeogenic genes. The combination of Dex

and cytokine treatment had no effect compared to cytokines alone.

A1.3.4 Human cartilage tissue had minimal metabolomic changes after 48 hours of treatment
Metabolites in human ankle cartilage isolated from osteochondral plugs were identified using MS
after 48 hours of treatment with or without cytokines and/or Dex. After filtering as above, 112
metabolites were quantified and compared across 3 donors and normalized to internal standards
and DNA content per wet weight of cartilage from that donor with that treatment to adjust for
different cartilage plug sizes and cellularity (Fig. A1.5). The low dose of 100 nM Dex (D/N) had
little effect after 48 hours, only affecting cartilage levels of cystathionine. Cytokine treatment,
however, had a significant effect on many more metabolites (C/N), causing increases in
dihydroorotate, itaconic acid, citrulline, succinate, saccharopine, carbamoyl aspartate, and C5
carnitines. Many metabolites were decreased after cytokine treatment, including glucose, many
amino acids, and cytosine. Dex did not have a strong effect on cytokine-treated explants (CD/N),
though with the addition of Dex the levels of 2-aminoadipate, glucose-3-phosphate, NAD, and

UDP-GIcNAC were increased.
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A1.4 Discussion

The assessments of glycolysis and gluconeogenesis in this study in both bovine and human models
of early PTOA do not fully support previous findings on the effect of disease on glucose
metabolism within cartilage. We observed that the extracellular release of glycolytic proteins into
culture medium in a bovine PTOA model was not indicative of changes in the expression of those
genes intracellularly. This is suspected to be a stress response to cytokine treatment, likely a marker
of or precursor to early cell death in this model. However, chondrocyte death was not visible via
propidium iodide staining, though low levels of cell death might still increase media levels of low-
abundant metabolic proteins above control levels even without noticeable changes to propidium
iodide staining. Further studies using assays for terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) staining or for caspase activity can confirm whether

low levels of apoptosis or necrosis are occurring.

In juvenile bovine cartilage explants, Dex did not have an effect on gluconeogenic gene synthesis,
contradicting our hypothesis that Dex exposure would increase gluconeogenesis by stimulating
synthesis of G6PC and PEPCK [12]. If anything, Dex caused a slight decrease in the synthesis of
these genes compared to control, though that effect was not consistent across different Dex doses.
Dex also did not have any effect on the transcription of glycolytic genes, even at doses up to 1 uM.
Higher doses of Dex for a longer duration of time might have had a stronger effect on
gluconeogenic gene transcription, but when considering relevance to clinical treatment, it is
desirable to reduce the dose and duration of Dex exposure to limit off-target effects. A lack of

changes at the transcriptional level does not exclude changes to glucose processing via other
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methods that regulate enzyme function such as phosphorylation, which has been shown for other

proteins to be affected by Dex [16—18].

The one metabolite that Dex had an effect on in the presence or absence of cytokine stress was
cystathionine, which is a product of H»S synthesis and a precursor to glutathione [19,20]. HoS is a
mediator of inflammation and has been shown to be upregulated in the synovial fluid of patients
with rheumatoid arthritis. The processing of cystathionine by cystathionine y-lyase has also been
shown to be important to reducing inflammation in synovial fibroblasts in a mouse model of
rheumatoid arthritis. The processing of this metabolite is strongly suggested to be linked to how
cartilage and the joint space mediate inflammatory stress, and targeted follow-up to this metabolic
pathway should be performed to better understand the effect of Dex on the production and
processing of cystathionine and how that relates to the anti-inflammatory properties of Dex in joint
tissues. In a rat model studying hypertension, Dex reduced the levels of H»S production in
mesenteric beds and carotid arteries, which would suggest a corresponding decrease in
cystathionine levels, opposite to what was seen in the current study, but there may be tissue-
specific differences in metabolic responses to Dex [21]. The overall lack of Dex alone on the
identified metabolites suggests a general lack of off-target effects on healthy cartilage within a 48-

hour treatment window, supporting the safety of its use in early intervention for PTOA treatment.

Surprisingly, the expression of glycolytic genes was suppressed by cytokine exposure, suggesting
that other mechanisms are responsible for the observed shift towards glycolysis in previous studies.
This could be influenced by a broad, early suppression of protein synthesis within the first 48-72

hours of disease progression suggested by a decrease in many amino acids within the metabolomic
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data. However, in that situation a decrease in gluconeogenic genes might be expected, but there
was no change to their synthesis with cytokine treatment. In contrast to PCR results, the
metabolomic data from adult human ankle cartilage suggest an increase in glycolytic activity with
cytokine treatment. Cartilage levels of glucose were decreased, with a corresponding increase in
succinate, an intermediate in the tricarboxylic acid cycle. Saccharopine and 2-aminoadipate were
both increased with the combination of cytokine and Dex treatment compared to control, while
cytokines alone did not have an effect on these metabolites. Saccharopine is converted to
aminoadipic acid in a reversible reaction, and has been suggested to be a biomarker of type 2
diabetes risk and associated with glucose metabolism at the systems level, though the mechanisms
behind this have not been explored [22—-24]. The increase in this metabolite seen with Dex
treatment and not without in an inflammatory context may suggest that Dex does modulate
cartilage glucose metabolism if administered during early PTOA progression, and further insight
into both this effect and what part of glucose metabolism are affected by or concurrent to increases

in saccharopine levels is necessary to fully understand this effect.

Disease effects beyond glucose metabolism are also revealed with metabolomic analysis:
citrulline, a byproduct of nitric oxide synthase (NOS) activity, was increased with cytokine
treatment, and it is well-established that nitric oxide production is increased with cytokine
treatment in human and animal models of PTOA [15,25,26]. The results on the effects of Dex can
differ, however, as with juvenile bovine explants, human chondrocytes treated with IL-17, and
human osteochondral explants treated with Dex had decreased NOS activity after 48 hours,
whereas these results do not show an effect of Dex on the production of citrulline and inferred

NOS activity [15,26,27]. Dihydroorotate and carbamoyl aspartate, a precursor to dihydroorotate,
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were highly elevated in cytokine-treated cartilage, and inhibition of downstream processing of
dihydroorotate in lymphocytes has been suggested as an anti-inflammatory mechanism of action
for some rheumatoid arthritis therapeutics [28,29]. Itaconic acid and succinate were both found to
be increased in cytokine-treated cartilage in this model, and both have been identified in rat models
of rheumatoid arthritis as potential serum disease biomarkers [30]. Some protective effects can
also be observed: C5 carnitine levels were also increased in cytokine-treated cartilage, and
carnitine has been shown to exert a protective effect in OA models by promoting
glycosaminoglycan and collagen II production, decreasing matrix metalloprotease synthesis, and

maintaining overall histological joint health [31-33].

Al.4.1 Study limitations

Many differences between the metabolism of juvenile bovine and adult human cartilage are
possible, but juvenile bovine cartilage was selected for PCR studies because of the consistency
between donor cows and its high cellularity that yielded much higher quality cDNA after RNA
extraction and reverse transcription. 72 hours was chosen as a timepoint for RNA extraction, in
line with previous studies of juvenile bovine cartilage reactions to disease and Dex, and that
number was adjusted to 48 hours for the metabolomics study to account for earlier events that
might be missed as the cartilage metabolism adjusts to extended cytokine and Dex exposure. With
current steroid treatment administered as intra-articular bolus injections, Dex is rapidly cleared
from the joint, so short-term metabolic effects are of interest as well to understand its safety, given
the much higher concentrations used clinically [34]. Future studies could expand these
observations further into culture to observe later effects of Dex and inflammatory stress on the

metabolism of cartilage in this osteochondral context, which is relevant to drug delivery systems
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currently being developed to deliver sustained, low-dose therapeutics [35-37]. Further studies
should also expand this model to an anaerobic system, as the current experiments were performed
under normoxia, while the joint space is highly hypoxic, and glucose uptake is affected in

chondrocytes under hypoxic conditions [38].

Al.5 Conclusions

These results from both juvenile bovine and human osteochondral models of PTOA allow insight
into effects of Dex on cartilage glucose metabolism, a relatively underdeveloped aspect of the
understanding of Dex action that is important to its use and effects. Overall, Dex had little effect
on glucose metabolism and broad metabolic changes in both ex vivo tissue models, suggesting that
in short durations at low dose, it does not have off-target effects on cartilage energy metabolism.
With inflammatory cytokine treatment of bovine cartilage explants, extracellular levels of
glycolytic genes increased while their synthesis decreased, highlighting that extracellular protein-
level biomarkers do not always reflect changes in intracellular expression of these same proteins;
thus, understanding of cartilage disease pathogenesis requires investigation of behaviors at all
levels. Observing changes in the human cartilage metabolome broadly revealed suppression of
amino acids and increases in many metabolites linked to rheumatoid arthritis progression,
identifying potential therapeutic targets for PTOA intervention but requiring further follow-up

with more donors in joint-relevant oxygen conditions for complete mechanistic understanding.
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Figure Al.1. Comparative log2 fold change of selected protein release between 48 and 96 hours from bovine
cartilage explants. Glycolytic proteins that showed a significant effect of treatment in a proteomic study using bovine
cartilage explants are highlighted. TPI1: triosephosphate isomerase 1; PGK1: phosphoglycerate kinase 1; PGAM1:
phosphoglycerate mutase 1; ENO1: enolase 1. N: no treatment. D: 100 nM Dex alone. C: inflammatory cytokine
treatment. CD: cytokine and Dex treatment. *: p <0.05.
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Figure A1.2: FDA/PI staining of bovine cartilage explants 72 hours post-treatment. Green: live cells. Magenta:
dead cells. Scale bar: 1 mm.
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Figure A1.3: Dex effects on gluconeogenic and glycolytic gene expression after 72 hours. Expression levels
determined from AAct values normalized to B-actin and pre-treatment cartilage. Each point represents data from one
biological (cow) replicate. TPIl: triosephosphate isomerase 1; PGKI1: phosphoglycerate kinase 1; PGAMI:
phosphoglycerate mutase 1; ENOI: enolase 1; G6PC: glucose-6-phosphatase; PCK1 and PCK2: cytosolic and

mitochondrial phosphoenolpyruvate carboxykinase, respectively. Error bar: standard deviation. Bar: p < 0.05.
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Figure A1.4. Effects of cytokine treatment and Dex on gluconeogenic and glycolytic gene expression after 72
hours. Expression levels determined from AAct values normalized to B-actin and pre-treatment cartilage. Each point
represents data from one biological (cow) replicate. N: no treatment. D: 100 nM Dex. C: inflammatory cytokine
treatment. CD: cytokine and 100 nM Dex treatment. TPI1: triosephosphate isomerase 1; PGK1: phosphoglycerate
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Figure Al.5. Metabolites with a significant effect of Dex, cytokine, or cytokine + Dex treatment after 48 hours
in human ankle osteochondral explants. Metabolites with a significant of any treatment condition comparison are
highlighted and clustered based on unsupervised hierarchical clustering. N: no treatment. D: 100 nM Dex alone. C:
inflammatory cytokine treatment. CD: cytokine and Dex treatment. *: p < 0.05.
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Gene Forward sequence (5'-3") Reverse sequence (5'-3") Source

B-actin  GATCTGGCACCACACCTTCTAC AGGCATACAGGGACAGCACA g(})‘fg [63’ ;’]l"

ENOl  GGAGAAGATCGACAAGCTGATG TACTTGCCCGACCTGTAGAA -

G6PC  TGATGGACCAAGAAAGATCCAGGC TATGGATTGACCTCACTGGCCCTCTT g(})‘fgg[ f(g]al"
Ostrowska

PCKI  GGATGGAAAGTAGAGTGTGTGG CTTCTGGATGGTCTTGATGG etal., 2013
[41]

PCK2  ACACCACCCAGTTGTTCTC GAAGGCTCAGGTCACATTCT -

PGAM1 CGGCTCCCAATTCCACATTA CACGAACAGGCTCTTACTTCTC -

PGKl  TGGTCCTGAGAGCAGTAAGA CAGGAACCAGAAGGCAGAAA -

TPI1 CAGAGGGACTTGGAGTGATTG GCAGGAAGGGTAGTAGAGATAGA -

Table Al.1. Primers used in bovine metabolic PCR study. A hyphen referring to the source of the sequence
indicates original design. Original primers were designed using the IDT™ PrimerQuest tool. TPI1: triosephosphate
isomerase 1; PGK1: phosphoglycerate kinase 1; PGAMI: phosphoglycerate mutase 1; ENO1: enolase 1; G6PC:
glucose-6-phosphatase; PCK1 and PCK2: cytosolic and mitochondrial phosphoenolpyruvate carboxykinase,
respectively.
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A2.1 Introduction

In the effort to understand disease mechanisms and find disease-modifying treatments, post-
traumatic osteoarthritis (PTOA) has been studied using many different model systems. This
degenerative disease can be modeled with surgical injuries to the joints of whole animals, with ex
vivo cartilage explants, or with primary chondrocytes from healthy or injured animals [1-4].
Animal models, however, do not always produce results that are translatable to humans, and this
is likely one reason why there is currently no disease-modifying drug for PTOA prevention.
Human tissue models of PTOA have used primary chondrocytes and chondrocyte explants, and
more recent studies have been performed with cartilage and bone co-culture [3,5]. These co-culture
systems allow for crosstalk between different joint tissues, reflecting the complex signaling
networks that regulate cartilage and bone homeostasis while still allowing control over the dose
and duration of exposure to inflammatory cytokines used to induce cartilage breakdown. Using
human cartilage and bone with exogenous cytokines does not capture the full scope of the
chemokines released by other tissues such as the synovial joint capsule, which contains

synoviocytes, macrophages, and other inflammatory cells that contribute to joint damage after an

injury [6,7].

Models that include additional joint tissues are relevant to finding treatments for PTOA as well,
as different tissues could respond to the same drug in different ways. Dexamethasone (Dex) is a
corticosteroid that has promising anti-catabolic effects on cartilage in monoculture ex vivo human
explant models, but concerns exist over its potential negative effects on bone [2,8,9]. In studies
with monoculture ex vivo cartilage explants from healthy human knees, Dex prevented matrix

breakdown but did not restore all anabolic processes back to control levels, assessed by proteomic
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analysis or by observing overall biosynthesis [3,5]. The addition of pro-anabolic insulin-like
growth factor 1 (IGF-1), however, rescued human ankle cartilage biosynthesis significantly
towards control levels, and in knee cartilage still had a greater effect on maintaining biosynthesis
than Dex alone. The combination of these two drugs is a promising treatment to combat both
inflammation that Dex can counteract and stimulate anabolic processes. However, their combined
signaling pathways are complex and multifaceted, requiring the treatment of multiple joint tissues

to fully understand their effects on disease progression.

A multi-tissue in vitro model system of PTOA is desirable not only to study the effects of OA and
potential treatments on Earth, but in space as well. As spaceflight becomes more common and the
potential for extraterrestrial exploration becomes more of a reality, it is important to understand
the risks of spaceflight on joint injuries and the development of diseases like PTOA. Astronauts
stationed on mission on the International Space Station National Lab (ISS-NL) experience a
number of joint injuries that can interrupt their activities, with up to three times as many
musculoskeletal injuries while they are on the ISS compared to the overall average of their service
[10-12]. The environment of space, with low gravity causing mechanical differences in joint
loading and the exposure to high radiation outside of the atmosphere, is already understood to lead
to musculoskeletal atrophy and an increase in osteonecrosis, with some studies linking back pain
in astronauts to histological and structural changes within the intervertebral disk [13,14]. To
combat some of the understood effects on muscle and bone health, astronauts perform rigorous
exercise regimens aboard the ISS, increasing their risk of joint injuries [15,16]. However, it is not
known what effect the environment of space has on osteoarthritis progression after a traumatic

injury or how drug treatments are affected.
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This study uses a multi-tissue model that incorporates cartilage, bone, and joint capsule synovium
tissue to model PTOA progression and assess the ability of Dex and IGF-1 to rescue disease effects
in the context of multiple joint tissues on Earth and on the ISS-NL. Tissue breakdown and signaling
events are analyzed using mass spectrometry (MS) analysis to compare diseased and drug-treated
conditions across several human donors. We aim to compare the effects of Dex and IGF-1 on
disease progression in a system using synovial tissue to observe whether they demonstrate the
same anti-catabolic and pro-anabolic effects seen in other studies that used exogenous cytokines,

and whether low gravity and high radiation in space affect their ability to rescue disease effects.

A2.2 Materials and Methods

A2.2.1 Human osteochondral and synovium explant harvest

All procedures were approved by Rush University Medical Center Institutional Review Board and
Committee on the use of Humans as Experimental Subjects at MIT. Osteochondral plugs (3.5 mm
diameter with full-thickness cartilage and ~3 mm underlying bone) were harvested from the
condyles and trochlear grooves of cadaveric distal femurs (Collins grade 1/2, 64-82 y.0.) A
complete list of donors can be found in Table A2.1. Knee-matched whole synovial joint capsule
tissues were collected and cultured in 50 mL conical tubes until being cut into individual explants
at day 0 of treatment. Osteochondral samples were cultured in 4.5 g/L high glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 1% ITS (insulin-transferrin-selenium at 10
png/ml, 5.5 pg/ml, and 5 ng/ml, respectively; Sigma), 20 mM MOPS buffer, 0.1 mM nonessential
amino acids, 0.4 mM proline, 20 pg/ml ascorbic acid, 100 U/ml penicillin G, 100 pg/ ml

streptomycin, and 0.25 pg/ml amphotericin for two days after harvest before switching to low
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glucose (1 g/L) DMEM. Media used for the spaceflight samples used CO» independent media

(Thermo Fisher) to accommodate for culture conditions on the ISS.

A2.2.2 PTOA model and therapeutic treatments

Treatment groups shared between ground controls and spaceflight were: cartilage and bone control
(CB), cartilage + bone explants injured with a single injurious unconfined compression (15
MPa/sec to peak stress of 5 MPa, held at SMPa for 0.4 sec, then unloaded at 15 MPa/sec using an
in-house incubator-housed compression apparatus [17,18]) co-cultured with 4-5 mm explants of
synovium harvested from the synovial joint capsule of the same knee as a model of PTOA (CBS),
and CBS samples with additional 100 nM Dex and 100 ng/mL IGF-1 (CBDSI). The synovial tissue
explants were cut immediately before addition to wells containing osteochondral explants, which
sufficiently created a disease-relevant inflamed state as they began to secrete inflammatory factors
after being cut [19]. Ground controls additionally included CBS samples treated with only 100 nM
Dex (CBSD) (Table A2.1). Donors 7 and 8 were used for spaceflight and included treatments with
cartilage + bone with only Dex and IGF-1 without a disease challenge (DI) on Earth, and donor 8
in space as well (Table A2.2). Media from the first and second weeks of culture were pooled
together across six replicates per treatment condition per donor and kept frozen at -20°C until MS

analysis.

A2.2.3 Spaceflight sample preparation and culture
Complete methods of spaceflight are in preparation for submission in a full manuscript describing
this experiment. In brief, six osteochondral plugs were loaded into microfluidic culture chambers

that contained 15 mL of culture media, held in place by a neoprene rubber sheet. Any
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osteochondral plugs receiving CBS treatment received a mechanical impact injury prior to loading
into the chamber. Six 6-7 mm diameter explants of synovial tissue were sutured onto the neoprene
for samples with synovial co-culture. Culture chambers were mounted along with media bags into
modules (designed by Techshot, Inc), and were maintained for 6-7 days at 15°C to minimize
metabolism during 1-2 days in the Dragon capsule before launch, subsequent launch, docking on

ISS, and final module plug-in within Techshot carousels already onboard the ISS-NL.

Culture modules were launched to the ISS-NL on December 6, 2020 via a Dragon capsule on a
SpaceX-21 Falcon 9 rocket from Kennedy Space Center, launch pad 39A. Once installed on the
station, the 8 modules inside the 2 carousels (and thereby all the tissues within the culture
chambers) were raised to 37°C, accompanied by the first automated media change and collection
of week-0 media. Every two days, 15 mL of fresh media were exchanged and the spent media was
collected; after 3 media changes (every 6 days) the media sample collection bags and fresh media
stock were replaced in each of the 8 modules. After 22 total days of culture, including 3 media bag
swaps, media and tissue samples were frozen and stored before transportation back to earth. 6
media bags remained on the ISS due to logistical errors and remained in storage at -80 °C until

they were returned to MIT 6 months later.

A2.2.4 Mass spectrometry and analysis of media proteomes

Protein isolation and trypsinization from pooled week 1 and week 2 media samples, discovery MS,
and protein quantification were performed as previously described (see Chapter 4). MS data were
searched in two batches: all of the ground control samples, and then the space samples with their

corresponding ground controls (donors 7 and 8) separately. For both the ground and space data
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sets, proteins were filtered out if they were exogenous (e.g. from ITS media supplement) or not
identified and quantified in at least 70% of samples, and missing values were imputed using the .-
nearest neighbor method [5,20]. Individual peptide abundances for collagen I (COL1A1) and
collagen II (COL2A1) were filtered and imputed via the same methods. Pairwise comparisons
between treatments were performed using limma and MATLAB (MathWorks) [21]. Protein
abundance data were log>-transformed and scaled, and principle component analysis (PCA) was
performed using the "prcomp" function [2]. PCA protein loadings were ranked by their dot product
and analyzed using Gene Set Enrichment Analysis (GSEA) ¢5 gene sets with the Human UniProt
IDs chip and 1,000 repeats for enrichment score distributions [22,23]. For comparison of space
and ground effects on the same proteins, proteins with a significant (adjusted p value < 0.05) effect
of CBS treatment across all ground samples were selected. Within just Donor 7 and Donor 8, the
log> fold change of CBS versus CB samples were found for the proteins both identified in space
samples and with a significant effect across all samples. Differences in space and ground responses
were assessed by taking the square of the difference between the space fold change and ground
fold change. Enrichment analysis for biological processes was performed using STRING analysis

as previously described [2,24].

A2.3 Results

A2.3.1 Changes in media proteome on Earth in cartilage/bone/synovium system

MS analysis identified 2068 proteins with any abundance across all ground samples, with 1470
proteins remaining after filtering as above, and the search of the space group samples returned
1437 proteins, with 935 remaining after filtering. Pairwise comparisons were performed between

treatment conditions for both week 1 and week 2 media proteomes across all ground samples. The
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most prominent treatment effect was of CBS treatment versus CB: in week 1, collagens III, IV, V,
VI, X1V, XV, and XVIII released to the media were increased, along with many proteasomes,
cathepsins, matrix metalloproteinase-1 and -2 (MMP1 and -2), and many proteins associated with
cytoskeleton organization, with similar results in the second week. Notably, media levels of
aggrecan, collagen type I and Il were decreased in the first week. Biomarkers of bone health
alkaline phosphatase (ALPL), osteomodulin (OMD), osteonectin (SPARC), and sclerostin (SOST)
were decreased with CBS treatment in both weeks, and osteopontin (SPP1) was also decreased in
week 2. STRING analysis of proteins with increased release in both weeks (Fig. A2.1) showed
clusters of proteins related to ECM organization, carbohydrate metabolism, and

ribonucleoproteins.

A2.3.2 Dex and IGF-1 effects on ground samples

For the ground samples, Dex and IGF-1 had minimal effects, particularly in the first week. With
the addition of only Dex to CBS cultures in week 1, MMP1, serpin family I member 1 (SERPINI1),
and procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) were decreased, along with a
decrease in the release of some intracellular proteins such as annexin A3, translin-associated
protein X, and 14-3-3 epsilon. The addition of IGF-1 as well as Dex also caused a decrease in the
amount of MMP1 released, and caused an increase in the media levels of a mucin or mucin-like
protein: mucin 5B with Dex alone, and mucin-like 1 with Dex and IGF-1. A larger number of
proteins were affected in week 2, though no effect was seen on extracellular matrix components
themselves. MMP1 and MMP13 were decreased in CBSD compared to CBS, and MMP9 and
interleukin 8 (IL-8) was decreased with Dex and IGF-1 treatment compared to CBS. SERPINI1

was decreased with both drug regimens in week 1, as well as chordin-like 2. In the second week,
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kininogen-1 (KNG1), complement C7, and metallothioneins such as metallothionein 1X, 2A, and

1E were increased with both Dex and the combination of Dex and IGF-1 compared to CBS alone.

A2.3.3 Comparison of media proteome changes on the ground versus in space

Principal component analysis (PCA, Fig. A2.2) was performed on the ground and space samples
for week 1 (A2.2A, A2.2C) and week 2 (A2.2B, A2.2D) for donors 7 (A2.2A, A2.2B) and 8
(A2.2C, A2.2D). Across all four analyses, the most significant effect on sample variability was
the separation of space versus ground samples, with the second largest contribution from injury
and synovial co-culture versus samples with no treatment or only Dex and IGF-1 (DI). Dex and
Dex+IGF-1 treated samples did not separate much from their untreated counterparts, particularly
for donor 8. GSEA was performed on the ranked protein loadings from the first principal
component for each data set to find which proteins were more associated with the space samples
versus the ground samples. Culture on the ISS was consistently associated with proteins related to
desmosomes such as cystatin A, desmocolins, desmoplakins, and plakophilin 1. Ground control
samples were broadly associated with intracellular metabolic proteins such as protein disulfide

isomerases, glucose-processing proteins, and those involved in endoplasmic reticulum function.

To compare whether changes on proteins in the ground control samples were recapitulated in
space, we selected proteins with a significant effect of CBS treatment on the ground and filtered
for proteins also identified in the space samples. The log, fold change of CBS versus control within
each of donor 7 and donor 8 for week 1 and week 2 were calculated for the ground and space
samples, and ground and space fold changes plotted against each other (Fig. A2.3). Proteins were

highlighted if the mean squared difference between the two was greater than 5, and the absolute
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value of the fold changes for both space and ground were greater than 1 (i.e. a two-fold increase
or decrease). Highlighted proteins are summarized in Tables A2.3 and A2.4. Notable proteins for
donor 7 that were not highlighted include IL-6, which had no change in the release in space in
week 1 but a large increase in the ground samples, collagen II, which had a decrease with CBS
treatment in the ground samples and a slight increase in space, and collagen VI (A1 and A2 chains),
with a greater increase in space compared to ground. Donor 8 also had higher amounts of collagen
IT and collagen IV release in space for week 1 compared to decreases in their release in the ground
samples. For both donors across both weeks, there were greater increases of SOST, OMD, and

SPARC in the media compared to ground controls.

A2.3.4 Changes in collagen synthesis identified via analysis of peptide abundances

Collagen I and II synthesis was assessed in donors 7 and 8 via analysis of the individual peptides
identified corresponding to those collagens. Comparing CBS treatments to CB alone, collagen II
synthesis (assessed by changes in the N- and C-terminal peptides) was only increased in space and
not on the ground over the first two weeks: in the first week for donor 7, and the second week for
donor 8 (Fig. A2.4). Collagen I synthesis followed the same trend, with increases in N- and C-

terminal peptides indicative of new synthesis only in space with CBS treatment.

A2.4 Discussion

The novel model of PTOA progression presented here incorporated three joint tissues from
macroscopically healthy human joints, instead of arthroplasty discards that are common among
human ex vivo studies [25]. This system allows for investigation of early PTOA events and the

effects of intervention with therapeutics such as Dex and IGF-1, and by using native synovium
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and fibrous joint capsule instead of exogenous inflammatory cytokines, captures the full scope of
inflammation released by an injured joint. Over two weeks, the effects of co-culture with inflamed
synovial tissue caused increases in the release of proteins associated with extracellular matrix
organization and intracellular metabolic processes, similar to previous results using cartilage and
bone explants [5] (see also Chapter 4). In the first week of culture, collagen-associated proteins
and those found in the pericellular matrix such as collagen VI experienced increased release, and
both collagen I and collagen II had decreased synthesis based on the release of their N- and C-

terminal propeptides [26—28].

However, the extent to which the matrix broke down was lesser than in previous work, as only
three MMPs showed an effect of disease treatment, aggrecan and cartilage oligomeric matrix
protein (COMP) did not show increased release in either week, and the peptides in the core of
collagen II that were shown to be increased after three weeks in a cartilage/bone co-culture model,
indicating protein cleavage by proteases after injury and tumor necrosis factor alpha (TNF-a)/IL-
6 treatment, were broadly decreased with CBS treatment in this study (Fig. A2.4A-D). This could
be due to lower levels of inflammatory cytokines in the CBS model, as other studies use exogenous
cytokines in the nanogram/mL range, while many cytokines identified in this model (but not all,
particularly IL-6) were orders of magnitude lower, around picogram/mL concentrations [19].
Previous studies also applied continuous culture with cytokines during two to three weeks of
culture, while this model has shown highly time-dependent release of cytokines from the synovial
tissue, with highest release within the first few days that drops off rapidly over the course of the

culture.
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Across all ground control donors, there was a surprising lack of a Dex effect on CBS co-cultures.
Dex has been shown in this model system to maintain chondrocyte viability, reduce
glycosaminoglycan loss, and attenuate the release of inflammatory cytokines, but had little effect
on the media proteome beyond reducing the levels of some MMPs and SERPINs [29]. Dex and
IGF-1 did increase the release of metallothioneins, which are protective against oxidative stress
[30]. It has been well-established that Dex treatment drives synthesis of metallothioneins,
indicating a potential mechanism for therapeutic benefit, especially in the high-radiation
environment of space [31]. These results suggest that the impact of early intervention with Dex
and IGF-1 is to prevent matrix catabolism and cytotoxic events, without many off-target effects
detectable in what was released to the media. It is notable that Dex increased the release of IGF

binding protein 6, which could bind to IGF and decrease its activity [32].

To understand disease effects in space, for the sake of future space travel and astronauts that
currently experience high rates of musculoskeletal injuries, cartilage, bone, and synovial explants
from two human donors were co-cultured for three weeks on the ISS before shipment back to Earth
for analysis. Culture in space had a significant effect on media proteome composition, with
proteins associated with desmosomes prominent in space samples compared to those on the
ground, across all treatment conditions. The increased presence of these proteins could be linked
to the proliferation of cells in space: in previous studies of OA progression, increased cell number
were found in cartilage lacunae, and desmocolin 3 was found at higher levels in plasma from RA
patients [33,34]. The increase in desmosomal proteins is likely not only due to changes in the
cartilage tissue: in cases of traumatic arthritis, more desmosomes have also observed between

synovial cells [35]. Samples cultured on Earth were associated with higher release of intracellular
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metabolic proteins, which are considered to be markers of necrotic cell death, particularly early in
culture [5]. This suggests that early cell death events are not occurring in space, possibly because
of the delayed timing of the induction of culture. Exposure to the conditions of space may cause
proliferation and aggregation of cells together with corresponding increases in the amount of
desmosomal junctions, which may replicate the behavior seen during OA progression. Future
studies including histological sectioning of samples to observe cell behavior and cell number are

needed to validate this hypothesis.

Depending on the duration of a mission, a traumatic joint injury in space might need immediate
treatment or even pre-treatment before flight to attenuate any damage. However, with no gravity
and the high radiation in space, the effects of therapeutics may be altered. Dex and IGF-1 had little
effect on attenuating changes to the media proteome caused by disease progression, and PCA of

space samples also showed little deviation between CBS and CBS + Dex and IGF-1 treatments.

The changes caused by CBS treatment on the ground could be compared within each donor that
was cultured in space, as the majority of proteins with a significant effect across all donors on the
ground had similar effects within just donors 7 and 8. These two donors experienced different
effects of culture in space, which is unsurprising due to the high amount of donor variability
possible due to differences in age, sex, and many other factors. Donor 7 experienced lower amounts
of inflammatory mediators such as IL-8 and complement factors 1R and 1S, released with CBS
treatment in space compared to the ground, but higher levels of peptides from the propeptide
regions of collagen I, indicative of collagen I synthesis and bone osteoblast activity. The

biomarkers of bone health OMD, SPARC, and SOST, all also had greater increases to the media
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under disease stress in space than ground (for both donors), indicative of healthier bone
metabolism [36-38]. In the second week, many intracellular proteins experienced a decrease in
their release with CBS culture compared to an increase in their release with CBS treatment on the
ground. This suggests less cell death and less of an inflammatory response to disease progression.
Donor 8 experienced fewer differences between space and ground, but also experienced a lower
level of IL-8 release with CBS treatment, as well as IL-6 and TNF-a induced protein 6 compared
to ground. Collagens VI, XV, and XVIII, all pericellular matrix collagens, had a higher release in
space in the second week for donor 8, suggesting either more of an anabolic response with new
deposition of these proteins in response to disease progression in space or early catabolic
breakdown events [39—-41]. An increased anabolic response is supported by collagen II synthesis
(Fig. A2.4), an important part of the cartilage reparative response to OA progression, not being
decreased with CBS treatment in space as it was for ground for either donor, though these effects

must be explored further [42].

A2.4.1 Study limitations

Compared to studies using exogenous cytokines, using synovial explants introduces more
variability in cytokine release, as each donor will have different concentrations and different
mixtures of cytokines that are released after the initial injury. This variability is disease-relevant,
as different donors experience PTOA progression differently due to those changes in how the joints
react to an injury, but for experimental studies it introduces noise into outcome measures of drug
efficacy and disease effects. Using pooled conditioned media from synovial monoculture instead
of individual synovial explants could introduce donor-specific inflammatory signaling in a more

consistent manner across all replicates, but would lack the direct cell-cell crosstalk present by
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having live synovial tissue present in the culture well. The synovial explants contained some
adipose tissue, which could bind to Dex due to the lipophilicity of the drug and potentially affect
its function [43,44]. However, Dex effects on viability, inflammatory mediators, and cartilage
matrix catabolism in this model have already been assessed, indicating that it is biologically active
on chondrocytes even with any changes to its transport. These considerations are important as drug
delivery methods are optimized for disease-modifying drugs like Dex and IGF-1 that aim to target
specific tissues but must pass through the phospholipid layers and highly charged molecules within
the synovial fluid and cartilage matrix to reach their target cells [45-50]. Within a donor the
amount of cartilage, bone, and synovial tissue could not be kept perfectly equal due to different
thicknesses and cellularity of the tissue, and human error introduced by cutting synovial tissue and
bone that do not cut cleanly or evenly. This was controlled for by pooling six replicates together:
the media from six individual osteochondral plugs were pooled together at the end of the ground
experiments, and six plugs per treatment condition were cultured together in one microfluidic
chamber during culture on the ISS. Samples sent to the ISS-NL required one week of culture at
15°C before the start of the experiment due to loading times and travel from Earth to the ISS, but
being kept at this low temperature minimized cellular activity while still keeping the tissue alive
to make the week-to-week comparisons between space and ground as translatable as possible.
Increasing the number of donors in space would improve the ability to statistically assess the
difference between ground and space samples, as well as to assess the donor variability in response

to disease progression in space and should be considered for future repeats of these experiments.
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A2.5 Conclusions

This multi-tissue primary human model of early PTOA is a clinically relevant model of early
disease progression that demonstrates slower disease progression than other models that did not
incorporate synovial joint capsule tissue, matching what is seen with patient disease pathology
more closely. Low-dose Dex and IGF-1 decreased MMP release without effects on immune
signaling that have been seen in other studies, a promising result for their anti-catabolic activity
without off-target effects, though questions remain to be answered on the appropriate method of
delivery and timing of drug intervention after an injury. Extensive work is ongoing to design
delivery mechanisms, often using encapsulation or tethering to positively charged carriers to help
direct delivery to specific tissues, reducing the effective concentration necessary in synovial fluid
to further avoid off-target effects. This exploratory study of the effects in space revealed a less
significant effect of disease progression over first two weeks, with lower cytokine levels and
amount of ECM components released, and a maintenance of anabolic processes under disease
stress. Dex and IGF-1 had little effect on the media proteome for samples cultured on the ISS-NL,
suggesting no off-target effects, possibly due to milder effects of disease progression overall. This
suggests that they may be considered for pre-treatment before a mission to counteract any catabolic
effects that do occur after an injury on the ISS, but more experiments that cover a longer duration
of disease progression with a higher number of human donors to capture the full scope of donor

variability are necessary to fully understand their potential protective effects.
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Figure A2.1: STRING network analysis of proteins increased in media with CBS treatment in ground samples
on both week 1 and week 2. Coloring is based on biological process enrichment: ECM organization (red),
carbohydrate metabolism (blue), and ribonucleoproteins (yellow).
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Figure A2.2. Principal component analysis of space and ground samples. Principle component analysis (PCA)
was performed using abundance values from donors 7 (A, B) and 8 (C, D) for treatment conditions on both ground
and space from the first or second week of treatment. Percentages on axes represent percent variance explained by
that principal component. CB: cartilage and bone control. CBS: cartilage, bone, and synovial co-culture with
mechanical injury. CBSDI: CBS treatment with the addition of Dex and IGF-1. DI: osteochondral explants treated
with Dex and IGF-1.
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Figure A2.3: Differences between space and ground culture on media abundances of proteins affected by
disease progression in comparison to control. Proteins with a significant effect of cartilage/bone/synovium co-
culture (CBS) versus osteochondral controls (CB) on the ground were selected and filtered for proteins also identified
in space samples. The log> fold changes (FC) between CBS and CB were determined within just donors 7 (A, B) and
8 (C, D) on the ground and in space for each of week 1 (A, C) and week 2 (B, D). Each point represents an individual
protein, and proteins are colored if their logz FC for both ground and space were greater than 1 or less than -1, and the
mean squared difference between space and ground were greater than 5, indicating a large difference between the
behavior in ground and space as well as a noticeable change in both ground and space.
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Figure A2.4: Changes in media levels of collagen II peptides in CBS versus CB cultures on Earth and in space.
Log. fold change of cartilage/bone/synovium co-culture (CBS) treatment versus osteochondral control (CB) for
peptides identified from collagen II. x-axis: residue position of first amino acid for each peptide. Orange: increase
compared to control (log2 fold change > 1). Blue: decrease compared to control (log2 fold change < -1). Grey: no
change compared to control. Positions of collagen II N- and C-terminal regions are highlighted in grey.
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Donor Age Sex Ground treatment
CB CBS CBSD _ CBSDI
1 78 F X X <
2 34 M X % <
3 23 M e x %
4 66 F X X % <
5 49 F X X X <
6 69 F X X X X
7 31 M X X X
8 47 F e x X
9 34 F X X X <
10 49 M X X X X

Table A2.1. Donors used for ground control experiments. CB: cartilage and bone control. CBS: cartilage, bone,
and synovial co-culture with mechanical injury. CBSD: CBS treatment with the addition of Dex only. CBSDI: CBS
treatment with the addition of Dex and IGF-1.
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Treatment Location 7 Do 3
Ground X X

CB
Space X X
Ground X X

CBS
Space X X
Ground X X

CBSDI
Space X X
Ground X X
DI

Space X

Table A2.2. Experimental conditions for space versus ground comparisons. CB: cartilage and bone control. CBS:
cartilage, bone, and synovial co-culture with mechanical injury. CBSDI: CBS treatment with the addition of Dex and
IGF-1. DI: osteochondral explants treated with Dex and IGF-1. Issues with the microfluidic system for donor 7
treatment DI in space resulted in data not being collected for that treatment.
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Week 1 Week 2
Donor Up/ Down/
Up Up

ACTNI  APP AHSG | AIBG ACTINI  ENOI PDIA4  DLAT
AMBP  CTSA  COLI2Al | GLRX AIFMI  ENO2 PDIA6
BASPI  CTTN  COLIAl |PENI  AKRIAl FKBP2 PEA1S
COLI5A1 DES COL9A3 | TNXB AKRIBI FSTL3 PGLS
COL18A1 DNPEP  HSPG2 ALDOA  GRB2 PPIA
CXCL8  FLNA  KLK9 ANXA6  GSTOI PRG4
EFEMPI GUSB  LOX APOE  HDGF PSAP
GNS NIDI OMD BPNTI  HMGAI RBMX
GPX3 PABPCI SCRGI CIR HNRNPAI  S100A10
ITIHI PGM2  SPARC C1s HNRNPD  SEPTIN7
ITIHS RRBPI CAVI ~ HNRNPK  SIAE
MAP4 YWHAE CCDC80  IGFBP3 SORBS2
MYL12B CDV3  IGFBP4 SRSF1

N ENe CFD LAMCI SSBP1
NUCKS! CLTB  LAMP2 STCI
PDIAG CLTC  LXN SUMO2
SORBS2 COL5A3 MAPILC3A TNFAIP6
SPAGY COTLI IIVIARCKSL TPII
TAGLN CSRPI  MDH2 TPM2
THBS4 CTSL  MFAP4 TPPP3
TNFAIP6 CXCL8 MYLI2B  TXNDCS5
TNXB DES MYLG6 TXNRDI
TPPP3 EEFIG  NAMPT YBXI
VCAN EFEMP1 NENF YWHAB

EIF4B  NUCKSI  YWHAE
EIF4H  PCBDI

Table A2.3. Proteins with a large difference between the behavior in ground and space as well as a noticeable
fold change from control with CBS treatment for donor 7. Proteins highlighted in Figure A2.3 (panels A and B)
are listed and categorized by their behavior on the ground versus the behavior in space (indicated by color and as
“Ground/Space” behavior).
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Week 2

Donor Down/

Up/ Up/

Down Down Down

BASP1 ALCAM  FBNI CD9 CAPNSI SLOX12 BCAM

COL14A1 ANXAIl LAMCI COL15A1 CFD CPE

CXCLS8 CFB MVP COL18A1 DLD EEF1G

DPYSL2 GUSB PIP COL6A2  GLRX GNS

EWSRI1 PGM2 SCRG1 DPYSL2 LRP1 GRB2

FBLN2 PSME2 SERPING1 | GPX3 NUTF2 LAMCI

FHLI THBS2 XYLTI1 NAMPT PABPCI LCP1

GNPDA1 TPMI SPTANI PTPA

GPX3 SRI SCRGI
8 | HNRNPU TPM2

IL6 UBE2L3

MATN2 VCL

NUCKSI

PCBDI1

SORBS2

TAGLN

TNFAIP6

TPPP3

TPSABI1

Table A2.4. Proteins with a large difference between the behavior in ground and space as well as a noticeable
fold change from control with CBS treatment for donor 8. Proteins highlighted in Figure A2.3 (panels C and D)
are listed and categorized by their behavior on the ground versus the behavior in space (indicated by color and as
“Ground/Space” behavior).
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