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ABSTRACT

Osteoarthritis (OA) is a degenerative disease of the joints, with significant burden on humans and
animals alike. OA is increasingly understood as having an inflammatory pathology, as many immune
processes and inflammation create a deleterious environment within the joint. Cartilage and
chondrocytes have very poor regenerative capacity and are thus susceptible to degeneration in this
inflammatory environment. Cell-to-cell communication between both immune and stromal cells, which
contribute to prolonged inflammation in the joint, form a key component of OA. Such cross-talk
highlights the need to study the joint as an organ, inclusive of stromal and immune cells. To date, there
are no disease modifying drugs for PTOA or OA, and surgical repair of joint structure and tissues is

inadequate to reverse this inflammatory joint environment.

Like many inflammatory diseases, the largest risk factor for developing OA is age, however the next
largest risk factor is injury to a joint, known as post-traumatic osteoarthritis (PTOA). Trauma to a joint
initiates inflammation and immune infiltration by the release of damage-associated molecular patterns,
and alarmins. These are released from disrupted tissues and stressed—or dying—cells. This event may
only occur once in the lifetime of a joint. However, this event makes the joint more likely to develop OA
in the following years and decades. The acute injury response (AIR) of joint tissues has not been
characterized in the first twenty-four hours as most studies have followed the progression of PTOA

starting in the days, weeks, and months post-injury.

A crucial tool for assessing changes occurring in a tissue is transcriptomics. Though the advancements in
single-cell transcriptomics (scRNA-seq) have been momentous in recent years, orthopedics lagged other
fields in its adoption. For scRNA-seq, cells must be extracted - alive and with minimal perturbation
however the tissues of the joint are highly heterogeneous and require different digestion for the hard

and soft tissues. This has been a hurdle for the implementation of scRNA-seq in joint tissues. To fully



capture the transcriptome of the knee as an organ, both the soft and hard tissues would need to be

included, without over-digestion of soft tissue cells.

Chapter One details a novel protocol for the preparation of mouse knee tissues for single-cell RNA
sequencing. A novel two-stage digest was devised and validated to create a single-cell suspension. This
suspension is comparable to the traditional bulk preparation of cryo-pulverization, in which the cells
from growth plate to growth plate are sequenced. This two stage digest allows softer tissue cells to exit
the digest conditions while subjecting hard tissue to more aggressive enzymatic digestion. This work has
demonstrated the ability to generate highly viable cells from both soft and hard tissues within the joint,

to wholistically capture the joint as an organ in a single digest.

With this methodology, Chapter Two characterizes the AIR in mouse knees with a combination of bulk
and single-cell sequencing, to study potential origins of PTOA. The bulk transcriptional changes occurring
in the joint twenty-four hours after injury were characterized. In the first hour, only fifty-four genes were
upregulated, which continued in a growing cascade of transcriptional changes through four, eight and
twenty-four hours. During the first four hours a pattern of early transcription factors was followed by
signaling associated genes. Further, this study identified the cells present within the knee after injury and
indicated a diverse expression of AIR genes between stromal and immune cells, as well as revealing

synovial fibroblasts as a notable population due to the expression of a high amount of AIR genes.

Moving from small-animal models, Chapter Three reviews surgical models of PTOA in sheep to
determine the optimal models to employ for future work. Sheep make a good choice of animal model as
their knee joint has very similar biomechanical properties to human knees and they are cheaper and
easier to handle than other large animal models. This review details the advantages and disadvantages

of seven surgically inducible PTOA models. Key findings were the relative time-course, severity of



subsequent PTOA, and prior uses of specific models to inform researchers deciding on appropriate

surgical methods to suit the needs of their study.

Chapter Four further develops this study by establishing the tolerability and pharmacokinetics of a
potential treatment formulation in equine middle carpal joints. Prior research in the Haudenschild Lab
has shown that early application of transcriptional inhibitors post-injury can attenuate knee
degeneration in animal models. Flavopiridol is an inhibitor of Cdk9 which is necessary for transcription
and has been shown to reduce PTOA development post-injury. In four healthy horses, intra-articular
administration of an extended-release flavopiridol microparticle formulation was well-tolerated with
detectable levels of flavopiridol in the synovial fluid for approximately 4-weeks post administration and
negligible systemic exposure. In equine synovial cells and chondrocytes, flavopiridol successfully
suppressed the response to inflammatory stimulus (IL-1B) at low doses with no notable cytotoxicity. This

study lays the groundwork for testing the beneficial effects of flavopiridol in horses going forward.

Overall, this dissertation adds to our understanding of trauma in the knee and models of PTOA. | have
developed new protocols for wholistically sequencing the murine knee; characterized the AIR in a small
animal model; reviewed the field of ovine PTOA models; and assessed the safety and dosage of a

potential anti-inflammatory therapy in horses.
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ABSTRACT

Objective

Single-cell RNA sequencing (scRNA-seq) is a powerful technology that can be applied to the cells
populating the whole knee in the study of joint pathology. The knee contains cells embedded in hard
structural tissues, cells in softer tissues and membranes, and immune cells. This creates a technical
challenge in preparing a viable and representative cell suspension suitable for use in scRNA-seq in
minimal time, where under-digestion may exclude cells in hard tissues, over-digestion may damage soft
tissue cells, and prolonged digestion may induce phenotypic drift. We developed a rapid two-stage

digestion protocol to overcome these difficulties.

Design

A two-stage digest consisting of first collagenase IV, an intermediate cell recovery, then collagenase Il on

the remaining hard tissue. Cells were sequenced on the 10x Genomics platform.

Results

We observed consistent cell numbers and viable single cell suspensions suitable for scRNA-seq analysis.
Comparison of contralateral knees and separate mice showed reproducible cell yields and gene
expression patterns by similar cell-types. A diverse collection of structural and immune cells were

captured with a majority from immune origins. Two digestions were necessary to capture all cell-types.

Conclusions

The knee contains a diverse mixture of stromal and immune cells that may be crucial for the study of
osteoarthritis. The two-stage digestion presented here reproducibly generated highly viable and
representative single-cell suspension for sequencing from the whole knee. This protocol facilitates

transcriptomic studies of the joint as a complete organ.



INTRODUCTION

Osteoarthritis (OA) is the most common degenerative joint disease affecting 30%-50% of people over 65
years old. OA is a complex disease of the whole joint, involving different joint tissues and cell types,
including cells of the synovium, cartilage, subchondral bone, meniscus, tendons, fat pad, and ligaments
[1, 2]. Degeneration of joint tissues is driven primarily by inflammation, through activation of immune
cells, through the cross-talk between tissues, and specifically, through interactions between immune
cells and the different structural cells [3-6]. It is becoming increasingly clear that immune cell functions
are modulated by their interactions with a variety of structural cells that express tissue-specificimmune
regulators and cytokine signaling molecules [7]. Historically, gene expression studies in OA mainly
focused on isolation of individual cell types and rarely examine the effects of tissue cross-talk within
different joint tissues. Therefore, it is important to design new studies to elucidate the interaction and
cross-talk between immune and structural cells within the joint. This will provide new insight into

understanding OA pathogenesis and developing effective treatments.

Conventional microarray or bulk-RNA sequencing analyses of mixed joint tissues lack the ability to
determine cell type-specific gene expression. This is largely overcome by the advent of single-cell RNA
Sequencing (scRNA-seq) technology, which reveals gene expression profiles of individual cells. scRNA-seq
has quickly become the gold standard for defining cell states and phenotypes in many tissues. However,
the joint is a unique organ as it contains both hard (bone/cartilage/ligament) and soft
(synovium/fat/tendon) tissues, which create a challenge during extraction of cells embedded in different
tissue matrices. Cells residing within the synovium and other “soft” matrices are readily extracted with
mild digestive enzymes, while other cells deeply embedded in cartilaginous and bony “hard” matrices

require much harsher digestion with more aggressive collagenases that could damage soft tissue cells [8-



10]. Thus, conventional single-step methods for cell extraction used in other organs/tissues, such as liver

or lungs, are not suitable for joint tissues.

In this study, we developed a sequential two-step digestion protocol to isolate representative cells from
all tissues in whole mouse joints. Cells embedded in soft tissues were first extracted and removed under
mild enzymatic conditions, while the remaining cells embedded in hard tissues were subsequently
extracted under aggressive enzymatic conditions designed for bony tissues. Digestive enzyme
concentrations were optimized to minimize time, stress response, and transcriptional shift during
processing. The isolated cells were then analyzed by scRNA-seq to determine individual gene expression

profiles specific for known cell types found within the joint.

MATERIALS AND METHODS

Mice

Healthy adult male C57BL6 mice, n=2, (The Jackson Laboratory, Bar Harbor, ME, US) aged 23-25 weeks
were used in this study. All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of California, Davis. No statistical method was used to

predetermine sample size. No experiments were performed on living mice.

Microdissection

Immediately following euthanasia with carbon dioxide asphyxiation, mice were submerged in ice-cold
70% ethanol, and then washed in ice-cold PBS. The skin on the hind limb was removed to expose the
knee joint, then the surrounding muscles were carefully dissected with scissors to expose the joint
capsule. The knee joint was then excised by cutting the tibia and femur adjacent to the growth plates
and transferred to a 60-mm petri dish containing ice-cold PBS. Under a dissecting microscope, the

remaining muscles were carefully trimmed until the joint capsule and growth plates were clearly visible.



An incision was made along the femoral and tibial growth plates. The remaining joint tissues (typically
weighting about 80mg) included the femoral growth plate, ligaments, synovial lining, patella, meniscus,
and the tibial growth plate, were then transferred to a dry petri dish and minced with a scalpel. Time

from animal euthanasia to minced knee tissue was approximately 10 minutes per knee.

Single Cell Sequence
10x Genomics

e D\ ) Reverse
?oft 30 Min. | Transriptase
Digest \ &
Xrtf Prepare
-2 Library
Collagenase Il y y
; yse
v Strain RBC's
Hard VAP
90 Min.| ™

Figure 1.1: A workflow of cell isolation from soft and hard tissues for scRNA-seq. See Materials and

Method for details.

Soft and Hard Tissue Digestion

The two-step digestion protocol is illustrated in Figure 1.1. Briefly, the minced knee tissue was first

subjected to a mild enzymatic digestion step designed to disassociate soft tissues, in 5 mL of 1%



collagenase IV (1600 U mL?) (Thermo Fisher Scientific, Carlsbad, CA, US) (w/v) in DMEM with 5% FBS.
The soft digestion was carried out at 37 °C, with constant orbital rotation at 90 RPM. After 30 minutes
the media containing the released cells from soft tissues was aspirated, the remaining undigested tissues
were then rinsed with 10 ml room temperature DMEM/5% FBS. The aspirated media and rinse media
were strained twice through a 70 um cell strainer (Falcon, Corning Incorporated) and further processed
immediately for red blood cell lysis as described below. The remaining tissue was subjected to a second
enzymatic digestion step for hard tissues, in 5 mL of 2% (w/v) collagenase 1l (2500 U mL?) (Worthington
Biochemical, Lakewood, NJ, US) in DMEM with 5% FBS. The hard tissue digestion was carried out at 37 °C
with constant rotation for 90 minutes. At the completion of the hard digestion, cells were aspirated,

rinsed, and strained as described above.

Red Blood Cell Lysis

Immediately after straining, cells from soft or hard tissue digests were centrifuged at 300 x g for 5
minutes at 4 °C. To lyse the red blood cells, the cells were resuspended 10 ml ice-cold ACK lysis buffer
(Life Technologies, Carlsbad, CA, US), followed by 10 minutes incubation on ice following the
recommendations of 10x Genomics for tissue dissociation. Cells were centrifuged and washed with 10 ml
ice-cold DMEM/5% FBS, and resuspended in 1 ml ice-cold DMEM/5% FBS. The single-cell suspension was

transferred on ice to the DNA Technologies and Expression Analysis Core Laboratory at UC Davis.

The entire process from both knees of one mouse was performed in less than 2.5 hours, resulting in two
independent samples of single-cell suspension, one from soft tissue digest and one from hard tissue

digest, per knee for a total of 4 samples (Figure 1.1).

Assessment of Cell Viability, Quantity, and Quality

The single-cell suspension (100 ul) was passed through a 40 um cell strainer (Flowmi, SP Scienceware,
Wayne, NJ, US) to remove debris and cellular aggregates. The samples were then visualized, and the

6



number of live cells counted with a Luna-FL cell counter/imager (Logos Biosystems, Anyang, South Korea)

under brightfield and fluorescence (Acridine Orange/Propidium lodide) settings.

Library Preparation and sc-RNA Sequencing

Barcoded transcriptome libraries were prepared from the single-cell suspensions using the Chromium
Next GEM Single Cell 3' Kit v3.1 (10X Genomics, Pleasanton, CA, US) according to the manufacturer’s
instructions. Briefly, approximately 17,000 cells per sample were loaded onto a Chromium Next GEM
Chip G and encapsulated into nanodroplets on a Chromium Controller microfluidic system, resulting in
the mRNA barcoding of ~10,000 single cells per sample. After reverse transcription, the barcoded cDNA
was purified with DynaBeads (Invitrogen, Carlsbad, CA, US). After PCR amplification, the quality of the
cDNA was verified by micro-capillary gel electrophoresis using a Bioanalyzer 2100 (Agilent, Santa Clara,
CA, US). The amplified cDNA was fragmented and converted to 3' gene expression profiling sequencing
libraries. The fragment lengths of the sequencing libraries were assessed on a Bioanalyzer. The libraries
were quantified by fluorometry on a Qubit instrument (Life Technologies, Carlsbad, CA, US) and qPCR
with a Kapa Library Quant kit (Kapa Biosystems-Roche, Basel, Switzerland). Pooled libraries were
sequenced on a NovaSeq 6000 sequencer (lllumina, San Diego, CA, US) with paired-end reads. The

sample processing targeted 10,000 cells per sample and a depth of 40,000 reads per cell.

Data Filtering

The sequencing data were processed using Cell Ranger version 5.0.1 (10X Genomics, Pleasanton, CA, US)
with the mouse reference package mm10 (GENCODE vM23/Ensembl 98). To maintain the most
important features of the dataset and high-quality cells, further analysis was performed only on cells
expressing at least 300 genes, and only on genes that were expressed in at least 10 cells. Cell cycle was
determined using the "scran" R-Package [11]. Mitochondrial gene expression was calculated for the data

as a proportion of total gene expression per cell. Cells with greater than 90% mitochondrial gene



expression (indicative of damaged cells) were excluded. A highly inclusive mitochondrial DNA threshold
was chosen intentionally to visualize the distribution of mitochondrial DNA content that was observed
within the joint samples. To identify possible cell-doublets in the data, we counted cells with total genes

(nFeature_RNA) that exceeded a threshold of 7800 using Seurat [12].

Dataset integration and Cell Clustering

Following the single-cell expression assignment, Seurat (Satija Lab, New York, US Version 4.0.1) was used
to further analyze the data [13]. The four files output from Cell Ranger (Left knee-soft digest, left knee-
hard digest, right knee-soft digest, right knee-hard digest) from each mouse were combined into one
object for each mouse in Seurat for analysis going forward. Gene expression measurements were
normalized with LogNormalize for each cell, multiplied by a scale factor (10,000 by default), and log-
transformed. To better standardize the dataset, regression analysis was performed using the number of
Unique Molecular Identifiers (UMls), the number of genes, and the cell cycle stage. Due to the fact that
mitochondrial gene expression has been shown to be a feature of some cells, mitochondrial gene
expression was not included in the regression analysis, as this may mask the changes observed in these
genes. To combine datasets from multiple mice a set of mutually variable anchors were found between
the individually processed mice datasets. These anchors were then used to integrate the two datasets
using the IntegrateData command of Seurat, and the combined dataset was then scaled. A Principal
Component Analysis (PCA)-based clustering technique was performed in Seurat, at first using 50 PCs to
be more inclusive of rare cell types [14, 15]. In the final analysis presented here, 10 PCs were chosen to
simplify presentation of the data. The final number of PCs used was determined by using an elbow, or
scree plot generated by the ElbowPlot command, and observing the point at which the y values between
points stops changing significantly. Uniform Manifold Approximation and Projection (UMAP) was chosen

to display the combined datasets [16].



Statistical Analysis

For tables one and two, means and standard deviations were calculated for multiple samples.

Bioinformatics of single cell data were handled in Seurat version 4.0.1 with default values.

RESULTS

Cell Yield and Viability

The quantity and quality of cells isolated from the soft and hard tissue digestions were assessed for their
suitability for scRNA-seq analysis. On average, about 6.5 million and 5 million cells were isolated in each
knee from the soft tissues and hard tissues, respectively (Table 1.1). Cell viability was at least 87%, and
the samples were mostly free of debris and cell clusters (Figure 1.2). These results indicate that the two-

step digestion protocol yields highly viable single-cell suspension suitable for scRNA-seq.

Soft Tissue Digest Hard Tissue Digest

Cell Number (Millions) ‘ Viability (%) Cell Number (Millions) Viability (%)
6.5+ 0.5 92.4+0.9 49+0.6 87.2+7.2

Table 1.1: Cell yields and viability from soft and hard joint tissues. The total number and viability of
cells isolated from soft or hard knee tissues. Data represented the average + SD from 4 knees (2 left + 2
right from 2 mice)



Figure 1.2: Viability and Quality of single-cell suspension. Fluorescence staining of live (Acridine
Orange, green) and dead (Propidium lodide, red) cells, overlaid on brightfield microscopy. The single-cell
suspension consisted of mostly live cells (single green dots) and was mostly free of cell clusters (blue
dashed arrow), dead cells (red smaller dashed arrow), and debris (orange arrow). The image from LUNA-

FL imager shows an area of about 5 mm2.

Quality Control of scRNA-seq Data

The quality of scRNA-seq data was assessed first by determining the mitochondrial gene content relative
to total expressed genes. The mitochondrial gene profiles in all samples were comparable, regardless of
the tissue origins (i.e. soft or hard tissues; left or right knees), (Figure 1.3). Most of the sequenced cells
within each sample were derived from cells containing less than 10% mitochondrial gene contents, an
example threshold of 20% is displayed. Further, the digestion protocols yielded almost exclusively single-

cells. Using a cutoff of 7800 genes/cell to indicate possible doublets, we observed only 14 cells out of

10



~33 thousand exceeded this threshold [12]. A low mitochondrial content indicates viable cells [17], thus

these results corroborated with the high viability values determined above (Figure 1.2).

Mitochondrial mMRNA

751

50 |

251

Percent Mitochondrial Genes

Left Right Left Right
Soft Hard

Figure 1.3: Mitochondrial DNA content of single cells. Violin plots of percent mitochondrial DNA

within each digest, a line at 20% is shown as an example cut-off threshold. Each dot represented one

cell. Data was obtained from sequencing four knee digests from two mice for a total of eight digests.

The quality of the scRNA-seq data was further assessed using the numeric properties of the sequencing
read information with Cell Ranger. As shown in Table Il, over 8000 cells from each sample were

sequenced to a depth of at least 40,000 reads per cell. A UMI count of at least 4000 across all samples

11



indicated a complex library with sufficient starting materials. Thus, the depth and breadth of these
sequencing data indicate that the digestion protocol yielded a high quality library with sufficient

complexity for further analysis.

Cells Mean Reads Median Genes Median UMI
Sequenced per Cell per Cell Counts per Cell

Left 9,477 39,759 1,425 4,543
Soft Digest )

Right 8,955 55,046 1,474 4,700

Left 7,903 63,438 1,286 4,581
Hard Digest )

Right 8,165 48,229 1,204 3,977

Table 1.2: Sequencing depth and quality control metrics. Shown were the total number of cells
sequenced per sample, as well as mean reads, median genes, and UMI counts per cell. Data

shown from one mouse.

Reproducibility between contralateral knees and individual mice

Reproducibility between samples is a critical aspect of protocol development. Using the combined
datasets from each mouse, we compared gene expression profiles in cell samples isolated from
contralateral knees and between two mice. Reproducibility is indicated by samples having similar UMAP
projections and gene expression patterns (shown as 11 different clusters, each represented by a different
color) (Figure 1.4A). For soft tissues, data from both the left and right legs projected similar clustering
and gene expression patterns (Figure 1.4A). Cell populations present in the left were also present in the
right, and vice versa. The same was also true for the cell populations from the hard tissues. When
splitting the dataset by mouse of origin, the resulting UMAP projections are again similar (Figure 1.4B).

In contrast, when comparing between the soft and hard tissue digests, there were marked differences in
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the UMAP projections, indicating that unique cell types are isolated by the soft- and hard-tissues

digestion protocols.
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Figure 1.4: Reproducibility is demonstrated by the comparisons between contralateral knees and

individual mice in both the Soft and Hard tissue digests. A) Uniform Manifold Approximation and

Projection (UMAP) of single-cell RNA sequencing scRNA-seq data split by soft and hard digests from left

and right knees. B) Split (Left knee/Right knee) Violin plots show expression of selected genes in

different clusters. Selected genes: cartilage oligomeric matrix protein (Comp); Cd68; and Granzyme B

(Gzmb). C) UMAP of single-cell RNA sequencing scRNA-seq data split by cells from soft and hard digests
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from Mouse 1 or Mouse 2 D) Split (Mouse 1/Mouse 2) Violin plots show expression of selected genes in

different clusters. Data from two mice shown.

A final test of reproducibility was to determine the expression of marker genes known to be expressed in
different cell-types unique or common in soft and hard tissues. The selected genes and their cellular
origins are: 1) cartilage oligomeric matrix protein (Comp), chondrocytes, synovium, and other structural
cells; 2) Cd68, monocytes; and 3) Granzyme B (Gzmb), Natural killer (NK) and other cytotoxic immune
cells. Comp is expected to be present only in non-immune, structural tissues, whereas Cd68 and Gzmb
are expected to be present in immune cells, which may include resident cells within the knee tissues.
The violin plots (Figure 1.4C) showed that these 3 selected marker genes were present equally in both
left and right knees and equally between mice (Figure 1.4D). However, each marker gene was only found
in specific cell clusters. These results indicate that unique cells specific to the soft or hard tissues were
reproducibly obtained from our two-step cell isolation protocol, and that both steps are required for the

isolation of cells representative of all joint tissues.

Cell Type-Specific Genes were Present in the Corresponding Hard and Soft Tissues

To determine if our digestion protocol captured representative cells from both hard and soft tissues, we
used UMAP projections of the combined dataset to visualize the presence of selected marker genes for
different cell types. The established marker genes and cell-types were as follows: 1) aggrecan (Acan),
chondrocytes or meniscal cells; 2) collagen type 1a (Col1al), osteoblasts; 3) T-Cell Receptor Alpha
Constant (Trac), T and NK cells; 4) Lymphocyte Antigen 6 Family Member G6D (Ly6g), monocytes and
neutrophils; 5) Adhesion G Protein-Coupled Receptor E1 (Adgrel also known as the F4/80 antigen),
macrophages, and 6) Cd79a, B cells (Figure 1.5A). Cd45 (Ptprc) was used to identify hematopoietic cells.
To assess the cellular composition of the sample, we calculated the number of cells expressing each

signature gene. When examining all cells in the combined dataset, 0.4% expressed Acan, 4.1% expressed
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Collal, 3.2% expressed Trac, 37.3% expressed Ly6g, 7% expressed Adgrel, 19.8% expressed Cd79a, and
85.1% expressed Cd45 (Figure 1.5A). When these cell-type specific marker genes were visualized with

the UMAP projections, each gene was present predominately within one or two clusters, indicating the

presence of these different cell types (Figure 1.5B).
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Manifold Approximation and Projection of combined hard and soft tissues obtained from four knees

from two mice, same color labels as above.

We next confirmed whether each marker gene originated from cell-types expected in the soft or hard
tissue digests. The percentage of expression of each marker gene originating from soft or hard digest
was determined (Figure 1.6). Immune cell markers (Ly6g, Adgrel, Trac, and Cd79a) expected in both soft
and hard tissues were distributed similarly among cells isolated from soft and hard digest. In contrast,
markers of osteocytes (Col1al) and chondrocytes (Acan) were predominant within cells isolated from
the hard tissue digest (Figure 1.6). Taken together, these data indicate that cell-type specific markers are
found within the expected tissue types, thus validating the two-step digestion protocol for the isolation

of different cell types from both hard and soft tissues.
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Figure 1.6: Relative expression of genes in soft and hard digests. Percentage of expression of

selected genes originating from soft or hard digests. Combined data from four knees from two mice.

DISCUSSION

Recent years have seen a proliferation of scRNA-seq studies targeting specific cell populations that are
isolated from different joint tissues, such as chondrocytes, synoviocytes, macrophages, and other
immune cells. However, few transcriptomic studies provide a holistic approach to characterize all the
different cell-types across whole joints, limiting our ability to study the physiological consequences of
their tissue cross-talk. This is in part due to the presence of both soft and hard joint tissues that require
different digestive enzymes for cell extraction. We developed and validated a two-step digestion
protocol tailored for whole joint analysis, to isolate the tissue-specific cell types while preserving their
viability (Table 1.1, Figures 1.2 and 1.3). Analysis of scRNA-seq data with UMAP projections showed that
representative cell types within their respective tissue origins were present, with high reproducibility

between different cell samples isolated from different knees and different mice (Figures 1.4-1.6).

The technology for transcriptomic analysis of mouse knee joints has evolved, from the
microarray analysis in the early 2000s [18], more recently progressing to bulk RNA-seq analysis [19], and
now to single-cell RNA-seq. Historically, the dissection of the mouse knee joint was performed similarly
for either microarray or bulk RNA-seq analyses. The tissues analyzed generally included structures
between the distal femoral growth plate and the proximal tibial growth plate. Due to the small size of
each tissue in mouse joints transcriptome studies on individual tissues were generally performed in
larger animal models. These whole tissue assays gave insight into the overall trends within the joint but
could not identify the contributing cell-types. Several methods were developed to isolate only particular
cells of interest, including the use of physical segmentation of the knee to focus on chondrocyte-rich

regions [20, 21], the use of cell enrichment or depletion in suspension to separate immune cells from
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stromal cells [19, 22, 23], or the culture of isolated cells [24]. Another alternative new sequencing
technology is single nuclei RNA-sequencing (sNuc-Seq). This technique processes only nuclei and the
RNA found within and can be performed on frozen and undigested tissues [25], however only human
synovium and porcine cartilage explants have been studied this way in the joint [26, 27]. Techniques
used to filter or only sequence parts of the joint allow a more focused sample containing a larger
proportion of “desired” cells but may miss the activities of the excluded cell populations and the
crosstalk that exists within the whole joint environment. Our protocol is consistent with that used
previously in microarray and bulk RNA-seq studies. Thus, the scRNA-seq data obtained from our

protocol should be directly comparable to existing microarray or bulk RNA-seq data.

To our surprise, immune cells constituted the majority of cells within the whole joint digest - with 85% of
cells expressing the universal hematopoietic marker Cd45. The percentage of immune cells in the knee is
higher than those observed in other tissues studied by scRNA-seq [28-30]. In cells isolated from human
lungs, 6-20% were immune cells [31]. In human skin biopsies immune cells contributed 6-40% [32]. A
broad survey of human tissues using scRNA-seq found that the liver contained 45% immune cells; in the
eye 31% of cells were fibroblasts and 25% were immune cells; bone marrow contained 44% NK & T cells
and a large portion of B and hematopoietic stem-cells, as well as neutrophils and monocytes [33].
Among these studies in different tissues, immune cells were between 5-45% of all cells. A recent study
using digested mouse knees found that 78.4% to 70.4% of cells were Cd-45 positive using flow
cytometry, with neutrophils composing the majority of those cells [34]. Cd-45 positive high immune cell
component of our whole joint samples may be explained by the presence of bone marrow, which is a
primary hematopoietic organ. In support of this, we found high percentages of cells expressing the
universal B-cell marker Cd79a (19.4%), and Rag1 and Rag2 (4.7%) (data not shown), Rag expression takes
place within the bone marrow [35]. Previous studies in the murine knee have shown Cd45 via

immunostaining and flow cytometry of immune and progenitor cells within the synovium, bone marrow,
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and subchondral bone [36, 37], one study which digested subchondral bone chips identified 36% of cells
as Cd45+ [38]. Further, large populations of neutrophils (5100a8+, $100a9+, Ly6g+, >25% data not
shown) are present within our samples. The mix of developing B-cells and large number of neutrophils
suggest a strong component of bone marrow within the samples, as these cells, and other immune cells,
arise from marrow [39]. Although it is established that immune cells are the biggest drivers of
inflammation in the joint [40-44], the quantity and composition of these cells within the knee has been
difficult to discern until now. Our results suggest that the contribution of immune cells to the whole-joint

transcriptome may have been underappreciated in previous microarray or bulk RNA-seq studies.

A limitation of this study is that transcription drift is possible during the enzymatic digestions [45]. Bone
in particular remains challenging to digest and contains diverse cell populations that are sensitive to
transcription drift [46, 47]. Even with prior mechanical disruption of bony tissues, extensive enzymatic
dissociation is still required [48] and mechanical disruption may lead to its own phenotypic artifacts [49-
51]. Due to the necessity of enzymatic digestion of knee tissues at 37°c some transcriptional drift is
inevitable, as the cells are biologically active at these temperatures, and may increase stress related
genes in response to these conditions [52, 53]. To reduce phenotypic drift, we minimized the overall
time of cells in the digest required for the two-step cell isolation protocol. During all stages that do not
require enzymatic digestion, samples were chilled on ice. Neonatal mouse kidneys have been digested
using a protease with high activity in the cold, which substantially reduced digestion artifacting, but this
has not been demonstrated in more complex and difficult to digest tissues [54]. Inhibition of
transcription during digestion is one potential tool shown to reduce this artifacting [53]. Despite this
challenge, there is evidence of phenotypic stability in chondrocytes and osteocytes, even with prolonged
overnight tissue digestion protocols [55-58]. Cell identification remains a complex challenge, the genes
selected are suggestive of broad cell categories and are not meant to provide definitive cell identities.

Additionally, the inclusion of circulating blood within the joint and samples may account for a portion of
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the neutrophils and other immune cells found within the samples. Future work could include an IV
perfusion of PBS prior to sacrifice to eliminate these populations in the final samples. The scRNA-seq
data was generated with a combined 8 tissue digests of 4 healthy stifle joints from 2 mice. While there is
a limitation in the number of biological (mouse) replicates, the two-stage digestion method generated
scRNA-seq expression data that was reproducible and consistent across all 4 joints. In future studies, we
may consider reducing the effect of biological variability by combining multiple mouse limb digests into a
pooled sample prior to library preparation and sequencing. The low number of chondrocytes in the
whole-joint relative to other cells could increase the difficulty in determining subtle differences that may
exist within these populations. With this approach, there is the potential limitation of missing rarer

structural cell-types due to the quantity of immune cells in whole knee digests.

Having established a reproducible protocol for whole joint transcriptomics analysis, our current focus will
be on the comparison between joints from different conditions. For example, to study the contributions
of individual cell-types in healthy and arthritic joints, sex-related differences, early OA or post-traumatic
OA, induced OA models, and the assessment of therapeutic efficacy. Other future work includes the
identification of cells using machine learning algorithms [59, 60]. Different subtypes of cells, especially
macrophages, have demonstrated pro- or anti-inflammatory roles in the joint depending on polarization
[61-65]. Transcriptomic data from whole joints could enable the study of immune-stromal cell cross-talk,
as these interactions have important implications for OA [66], bone cells [1, 67], macrophages [68],

synoviocytes [69, 70], and NK-cells [71].

In summary, we developed a protocol that reproducibly captures cell-types from soft and hard tissues,
generating viable single-cell suspensions and preserving both stromal and immune cells for scRNA-seq.
We observed an abundance of immune cells from diverse lineages, as well as chondrocytes and other

key structural cells of the knee tissues.
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ABSTRACT

Objective:

The development of post-traumatic osteoarthritis is well characterized in the days, weeks and months
that follow injury; however, the initial injury period is not well documented. This study aims to
characterize the Acute Injury Response (AIR) in the murine knee joint, identify the major signals, and
identify the cell-types within the knee that may be responsible.

Design:

Using a non-surgical ACL rupture injury model in mice, injured knee joints underwent bulk-RNA
sequencing at 1, 4, 8, and 24 hours (n=4/time) post-injury and differentially regulated genes (DEGs) were
identified compared to controls. The knees of one mouse were sequenced 3 hours post-injury at the
single-cell level to determine possible cell-types contributing to the DEGs observed in the bulk data.
Results:

At one hour, 54 genes were upregulated, this grew at each timepoint to 311 genes at 24 hours. A trend
of early transcription factor expression cascading into cytokine and chemokine signaling, followed by
chemotaxis, cell infiltration and angiogenesis was found over the first 24 hours. Immune and stromal
cells expressed different outgoing AIR signals after injury, with many AIR pathways potentially originating

from stromal cells, particularly synovial fibroblasts.

Conclusions:

The Acute Injury Response is highly dynamic, with major inflammatory cytokines and chemokines first
appearing one hour post-injury. Immune cells and stromal cells both have roles in expression of AIR
genes. This study provides targets for further study or potential intervention.

Keywords: PTOA, joint injury, cross-talk, Acute Injury Response, transcriptomics

Running Headline: Acute Injury Response of the murine knee
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INTRODUCTION

Osteoarthritis (OA) is the most common form of joint disease and the leading cause of disability in the
US[72, 73]. With aging populations and the increasing burden of OA-related disability, understanding the
underlying mechanisms driving this condition has become a significant focus of research. A single
occurrence of joint injury can significantly increase the risk of developing post-traumatic osteoarthritis
(PTOA) [74, 75]. It is estimated that approximately 12% of all OA cases are attributable to trauma[74, 75].
PTOA can arise from various joint injuries, including ligament tears, fractures, and dislocations[76]. These
injuries initiate a cascade of pathological events that lead to the breakdown of articular cartilage,
alteration of joint biomechanics, and immune cell infiltration[77] that promotes the development of
chronic inflammation. Importantly, PTOA is often more severe and progresses at an accelerated rate
compared to non-traumatic forms of OA.[78] Current treatments rely on managing patient pain and joint
mobility, however these measures treat only symptoms and do not prevent further deterioration of joint
tissues or disease progression[76, 79, 80]. This underscores the need for comprehensive investigations

into the cellular and molecular events associated with joint injury that lead to OA.

Despite its critical role in subsequent disease progression, the precise mechanisms by which injury leads
to the development of OA remain largely unknown. Most studies of PTOA have not assessed the joint
earlier than twenty-four hours post-injury, and instead focus on the development of PTOA in the weeks
post-injury. In the weeks and months following injury, PTOA development follows general patterns of
low-grade inflammation, cellular infiltration, cytokine signaling, inflammatory phenotypes of joint cells
such as chondrocytes and synoviocytes, and proinflammatory crosstalk between different joint tissues
[81-85]. However, the timeline of the Acute Injury Response (AIR) remains unclear in the joint. In this
study we define the AIR to encompasses the initial bulk-transcriptional changes that occur within the

joint during the first twenty-four hours following injury or trauma.
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To gain insights into the processes driving PTOA development, we employed bulk RNA sequencing to
analyze the gene expression profiles in mouse knees during the first twenty-four hours following ACL-
rupture injury. This approach allowed us to identify a list of differentially expressed genes associated
with the AIR. Further, we employed Single Cell RNA sequencing (scRNA-seq) techniques to the whole
joint in an effort to map the cell populations that may be effecting these observed changes. We aim to
characterize the relative roles of immune and stromal cells and identify specific cell populations
responsible for driving the observed bulk gene expression changes associated with PTOA. This integrative
approach will provide valuable insights into the molecular and cellular processes underlying the initiation
and progression of PTOA, opening new avenues for therapeutic interventions and improved patient

outcomes.

Since joint injury provides the initial push towards degenerative OA development, we investigated the
changes that joint cells undergo during the acute injury period using a mouse ACL-rupture injury model.
We show that the AIR is a highly dynamic event initially involving a small number of initial transcriptomic
changes at one hour which cascades over the next twenty-four hours. Stromal synovial cells are notable
responders to joint trauma at three hours post-injury, but a wide variety of immune and stromal cells

may be contributing to this cascade.

MATERIALS AND METHODS

Injury Model

All animals were maintained and used in accordance with NIH guidelines and approved by UC Davis
Institutional Animal Care and Use Committee. Adult male C57BL6 mice (The Jackson Laboratory, Bar

Harbor, ME, US) aged 12-15 weeks were used in this study.

For all mice receiving ACL injury the right knee was injured by application of a single mechanical

compression to induce ACL rupture as previously described [86]. This injury model creates ACL rupture
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via transient anterior subluxation of the tibia and has been shown to reliably induce PTOA within 4
weeks[86]. Mice were isoflurane-anesthetized during injury, and a single dose of buprenorphine (0.05
mg/kg) was administered immediately after injury. Mice in the uninjured group were anesthetized and
placed in the tibial compression device before being returned to cages. Euthanasia was accomplished by

CO2 asphyxiation.

Bulk RNA-seq of Mouse Knees

At 1, 4, 8, and 24 hours after injury, mice were sacrificed (n=4 per timepoint, and 4 uninjured mice) and
the right knees were dissected and prepared as previously described [87]. After removal of skin and
muscle surround the knee the region between the distal femoral growth plate and the proximal tibial
growth plate was removed for RNA isolation. The removed knee tissue was then snap frozen by liquid

nitrogen and pulverized by pestle and mortar under liquid nitrogen.

Total RNA was isolated from the pulverized knees using RNeasy Mini Kits (Qiagen Valencia, CA) following
manufacturers recommendations. Samples were then sequenced with the 3'-Tag-RNA-Seq method on an
llummina NextSeq500 system with single-end 80 bp reads (lllumina San Diego, CA) at the UC Davis DNA

Technologies Core facility.

Bulk RNA-seq data processing and Analysis

Sequence data were preprocessed using htstream[88] (Version 1.3.3) including adapter and quality
trimming, and aligned to GRCm39 using STAR version 2.7.9a and Ensembl 105 annotations.
Normalization factors were calculated using TMM[89] and used to define adjusted library sizes for
calculation of counts per million reads (CPM). Normalization of gene expression was performed using the
limma voom[90], which log-transforms data, estimates the mean-variance relationship and computes
weights in preparation for linear modeling. Differential expression analyses were conducted using limma-

voom with the model ~ 0 + interaction (treatment, time). For each pairwise comparison, genes with
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Benjamini-Hochberg adjusted p-values less than or equal to 0.05 are considered differentially expressed.
Gene Ontology analysis was performed via enrichr [91], the GO Biological Processes (2023), GO Cellular
Component (2023), and GO Molecular Function libraries were utilized [92, 93], and an adjusted p-value

> 0.05 was used as a cutoff.

scRNA-seq Tissue Preparation

Three hours after injury, one mouse was sacrificed and both knees were prepared for scRNA-seq as
previously described [94]. Immediately following euthanasia with carbon dioxide asphyxiation, mice
were submerged in ice-cold 70% ethanol, and then washed in ice-cold PBS before limb dissection. The
knee joint was then excised by cutting the tibia and femur adjacent to the growth plates and trimmed
similarly to the knees for bulk-seq. The tissue was digested in two stages, red blood cells were lysed and
the cell suspensions strained [94]. The suspension was then passed to the UC Davis DNA Technologies

Core facility for library preparation and sequencing.

Library preparation and scRNA sequencing

Barcoded transcriptome libraries were prepared from the single-cell suspensions using the Chromium
Next GEM Single Cell 3’ Kit v3.1 (10X Genomics, Pleasanton, CA, US) according to the manufacturer's
instructions. Briefly, approximately 17,000 cells per sample were loaded onto a Chromium Next GEM
Chip G and encapsulated into nanodroplets on a Chromium Controller microfluidic system, resulting in
the mRNA barcoding of ~10,000 single cells per sample. After reverse transcription, the barcoded cDNA
was purified with DynaBeads (Invitrogen, Carlsbad, CA, US). After PCR amplification, the quality of the
cDNA was verified by micro-capillary gel electrophoresis using a Bioanalyzer 2100 (Agilent, Santa Clara,
CA, US). The amplified cDNA was fragmented and converted to 3’ gene expression profiling sequencing
libraries. The fragment lengths of the sequencing libraries were assessed on a Bioanalyzer. The libraries

were quantified by fluorometry on a Qubit instrument (Life Technologies, Carlsbad, CA, US) and gPCR
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with a Kapa Library Quant kit (Kapa Biosystems-Roche, Basel, Switzerland). Pooled libraries were
sequenced on a NovaSeq 6000 sequencer (Illumina, San Diego, CA, US) with paired-end reads. The

sample processing targeted 10,000 cells per sample and a depth of 40,000 reads per cell.

Data filtering, integration, and clustering

Single-cell data was filtered and integrated as previously described[94]. The filtering process helps
eliminate poor quality reads, dying cells, and potential doublets. The mouse knees were sequenced
across four runs, one run each for the soft and hard digests of each knee digest, and the datasets were
integrated to combine the left and right knees, and hard and soft digests of each knee. A Principal

Component Analysis (PCA)-based clustering technique was performed in Seurat.

To better visualize and identify the CD45 negative populations. Cells within clusters lacking Cd45
(excluding the platelets/erythrocytes and proliferating cluster) were reclustered in Seurat to better
define the cells and populations present. First the clusters were subsetted from the main dataset, then
expression scaled within the subset. On this subset of cells principal component analysis (PCA) was run, a
UMAP generated for visualization, and the cells were reclustered by FindClusters for analysis. The
clusters were then assigned new identities based on expression of marker genes and these identities
were ported back to the main dataset. This subsetting and reclustering method was also applied to the
monocyte and macrophage containing clusters.

Data Analysis scRNA-seq

Clusters were split by left and right knee for analysis. To compare visually the expression of previously
identified AIR genes, the scRNA seq data was plotted using complexheatmap[95]. Left and right knee
expression was plotted by circles representing percentage of cells expressing a gene and expression level
of those genes by cluster by the Heatmap() function, these plots were then visually merged, with each

knee being represented by a half-circle. To better group the features and potentially highlight any
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expression patterns in Figure 3, the rows were split by K-means partitioning using “row_km=3"[96].
Gene Ontologies were performed on the resulting groups of genes as before. On a cluster by cluster
basis the left (control) and right (injured) knee expressions were compared for differential gene

expression using limma voom (~LeftRight * Digest) to account for the longer digest on expression[97] .

The r package Cellchat[98] was employed to assess cell-cell communication within the single-cell
dataset. Conversion of the Seurat object dataset and preparation of the CellChat object and inference of
signaling was consistent with recommendations by the CellChat workflow. To focus analysis on the AIR,
only pathways which included genes found on the one and four hour AIR gene lists were analyzed.
Outgoing signal river plots was generated at the pattern numbers (four) at which cophenetic and
silhouette measure scores decreased simultaneously. Chord plots were generated with
netvisual_chord(obj, signaling = AIR.paths...) and river plots with netanalysis_river(obj, pattern =
“outgoing”, signaling = AIR.paths...).

For comparison of synovial fibroblast sub-populations we used three additional scRNA-seq datasets:
Chou C. et al (2020)[69], Sebastian A. et al (2022)[34], and Knights et al (2023)[99]. Datasets were
downloaded from NCBI GenBank and synovial cell populations identified by expression of Col1al, Thbs4,
Pdgfra and Prg4, these cells were subsetted and reclustered as shown in Supplemental Figure 1. Next to
focus on a specific subset of cells the expression of the genes Has1, Prg4, Col22a1, and Tspanl5 were
plotted to highlight the cells of interest. The subset of stromal cells from this study was used for
comparison.

Histology and Immunohistochemistry

At one and four hours after injury, mice were sacrificed (n=4 per timepoint, and 4 uninjured mice) limbs
dissected as before. The right limbs were affixed to foam to maintain neutral knee position and placed in

4% paraformaldehyde for 24 hours, the fixed knees were then stored in ethanol until being decalcified
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for three days in Immunocal (StatLab, Texas, USA) and embedded in paraffin. Before staining, slides were
baked lying flat for 2 hours at 65 °c. Antigen retrieval was performed with Unitrieve following
manufacturer protocols (NB325 Innovex Biosciences, Richmond, CA. USA) and application of Protinase K
(Abcam, Massachusetts, USA) for 5 minutes at 37°c [100]. (Millipore-Sigma, 5 mg/ml, 1000 units/mg
stock) for 10 minutes at 37°c. Afterwards, primary antibodies were incubated overnight at 4°C in a dark
humid-chamber. Primary Antibodies: IL-33 (1:100, from supplier provided stock solution, Invitrogen, PA5-
47007), HAS1 (1:100, from 500 ug/mL stock, Invitrogen, PA5-95599), PRG4 (1:200, from 1mg/mL stock,
Novus Biologicals , Centennial, CO, USA, NBP1-19048), MT2A (1:200, from 1 mg/mL stock, Invitrogen,
PA5-102549). Secondary antibodies were incubated for 2 hours at room temperature in a dark, humid

chamber at 1:500 dilution. Images were captured on a Leica DMi8 microscope.
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RESULTS
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Figure 2.1: Whole Knee level changes after injury define the Acute Injury Response in the first 24

hours after injury. A. Overview of mouse knee sequencing experiments (see methods). B. Temporal

Heatmap of DEGs in the murine knee at 1, 4, 8, and 24 hours. C. Venn Diagram of DEGs for each

timepoint of bulk sequencing. D. Molecular function ontology heatmaps for up and down regulated AIR

genes at each timepoint. E. Biological processes ontology heatmaps for up and down regulated AIR genes

at each timepoint. F. Ontological analysis of pathways associated with up and down regulated AIR

genes at each timepoint.
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To establish the broad pattern of response genes that define the AIR, we performed bulk sequencing on
whole murine knees 1, 4, 8, and 24 hours after nonsurgical ACL rupture. Experiments are outlined in
Figure 2.1A, for details see the Methods section. Differentially Expressed Genes (DEGs) were identified
based on expression compared to uninjured control limbs. Supplemental Table 1 contains the full list of
DEGs at each timepoint. The temporal up and down regulation of these DEGs identified by bulk
sequencing is shown in Figure 2.1B. DEGs that span multiple timepoints are indicated by continuing lines
across the x axis while new DEGs are added to the bottom of the chart over time. We found an
expanding number of genes at each timepoint creating a cascading “fan-shape” of plotted AIR genes.
Initially 54 genes are upregulated at one hour, but this number increases to 110 DEGs at 4 hours, 264
DEGs at 8 hours, and 311 DEGs at 24 hours. No genes were downregulated one hour post injury. Four
hours post-injury the number of DEGs increases to 110, including the downregulation of 30 new genes.
The number of shared and unique AIR genes between timepoints is shown in Figure 2.1C. Fourteen
genes remained elevated for all timepoints following injury.

Table 2.1: AIR Genes by Temporal Expression. n=4/group/time point (except naive controls at time 0
only). Transcriptomes at 1-24h points were individually compared to naive controls at time 0. DEGs
=Differentially expressed genes (defined as adjusted p values <0.0549 compared to controls). logFC = fold
change in log2, a negative number means higher expression compared to controls, and vice versa.

Unique genes first detected at each time points were color coded.

1 hour 4 hour 8 hour 24 hour

Gene logFC AveExpr Gene logFC AveExpr Gene logFC AveExpr Gene logFC AveExpr
Fosb -5.19 1.19 | Cxcl1 -5.82 2.95 | Cxcl1 -6.43 2.95 | Argl -8.67 0.78
Cxcl1 -5.06 2.95 | Cxcl2 -5.01 3.15 | Cxcl2 -6.25 3.15 | Ccl7 -4.94 3.50
Cxcl2 -4.56 3.15 | Ccl7 -3.76 3.50 | Arg1 -5.93 0.78 | Hl11 -4.80 0.71
Has1 -3.49 3.07 | Ill6 -3.41 1.67 | Ccl7 -5.10 3.50 | Saal -4.10 0.90
16 -3.16 1.67 | Ereg -3.31 0.83 | Saal -5.03 0.90 | Cxcl5 -3.81 4.95
Acod1 -3.09 2.29 | Has1 -3.24 3.07 | Cxcl3 -5.02 0.07 | Cxcl1 -3.80 2.95
Fos -2.95 4.49 | Fosl1 -3.16 0.21 | Cxcl5 -4.69 4.95 | Serpinel -3.71 4.52
Cenl -2.78 3.48 | Mt2 -3.02 8.38 | Il6 -4.45 1.67 | Ereg -3.63 0.83
Ptgs2 -2.62 1.38 | Serpinel -2.98 4.52 | Ereg -4.08 0.83 | Ankrdi -3.60 4.13
Serpinel -2.56 4.52 | Tnfaip6 -2.55 4.80 | Ptgs2 -3.93 1.38 | Ccl2 -3.29 4.39
Tnfaip6 -2.47 4.80 | Ptx3 -2.43 4.67 | Ccl2 -3.60 4.39 | Cxcl3 -3.15 0.07
Egri -2.37 5.75 | Ceni -2.39 3.48 | Serpinel -3.60 4.52 | Pdpn -2.97 5.87
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5.04
9.04
9.58
5.87
6.35
9.48
6.78
5.93
6.12
7.01
6.83
7.96
6.80
6.66
6.68
8.57
8.01
8.83
6.83
7.56
7.18
7.75
7.84
8.12
6.76
7.32
8.76
8.26
9.60
8.57
8.31
7.22

10.29
6.77
6.32
7.49
5.81
5.83
6.74
8.38
6.55
6.05
4.59
6.01
5.76
7.12
5.89
8.22
5.48
4.98
6.59
5.90
5.24
4.20
6.74
4.67

Ccnd1
Smim4
Vim
Tceal8
Snhg9
Hifla
Trmt6
Calu
Col6a3
Uapl
Col3a1
Nt5e
Slc35b2
Ugdh
Slc6a6
Postn
Ctsl
Hmox1
Mtap
Lrpl
Mgat4b
Hnrnpd|
Nudcd2
Lmna
Rnh1
Otulinl
Lgals1
Lipa
Srsf5
Acsl4
Spp1
Tmem258
Rbpj
Atp6vigl
Psmd3
Tubala
Rsl1d1
Nmel
Prdx1
Mbtd1
Cd63
Paklip1
Psmd1
Ctss
Camkk2
Xrn2
Ssr3
Msn
Ssrl
Ccnd2
Nudt4
Tin1
Ncor1
Sfeq
Ubr2
Ccpg1
Samd9l
Ppp2r5a
Aldh2
Treml1
Sptbn1
Timp2
Ralgapal
Niban1
Igfbp5
Irak4

-0.63
-0.61
-0.61
-0.60
-0.60
-0.60
-0.59
-0.58
-0.58
-0.58
-0.57
-0.57
-0.57
-0.57
-0.56
-0.56
-0.55
-0.55
-0.55
-0.55
-0.54
-0.53
-0.52
-0.52
-0.52
-0.52
-0.52
-0.47
-0.47
-0.47
-0.45
-0.44
-0.43
-0.42
-0.41
-0.40
-0.40
-0.38
-0.38
-0.37
-0.37
-0.36
-0.36
-0.35
-0.34
-0.33
-0.33
-0.31
-0.31
-0.26

0.26

0.29

0.29

0.29

0.31

0.36

0.39

0.40

0.41

0.42

0.43

0.44

0.44

0.44

0.45

0.48

6.92
5.96
8.95
5.78
5.28
7.29
6.38
7.61
7.12
6.64
8.18
5.13
4.93
6.12
8.16
6.99
7.56
7.34
5.03
6.70
5.54
8.26
6.50
6.55
5.87
5.34
7.47
6.48
8.24
6.77
9.48
7.21
6.00
5.89
7.18
7.77
7.06
7.15
8.56
7.11
9.54
6.87
7.83
9.24
7.23
8.05
8.27
8.80
8.37
8.91
8.34
9.07
9.20
9.25
7.41
6.15
6.65
8.10
8.39
7.40
8.73
9.60
6.44
6.64
8.31
5.99




Car3
Clic5
Fndc1
Crispld1
Ptprz1
Gasl
Clstn1
Dpt

Cilp
Cd34
Sema3c
Cyb5d2
Gdf10
Col14a1
Cilp2
Pcsk6
Creb5
Boc
Lyvel
Kera
Abca8a
Ogn
Sfrp2
Ostn
Frzb
Aspn
Myoc
Ecm2
Tmod2
Piezo2
Cd209f
Clec3b
Cdon
Nnat
Col8a2
Cyp2f2
Ky
Cd248
Abca8b
Vsig4
Lgals12
Naalad2
Aoc3
Emc9
B3galt2
Fam124a
Tppp3
Plin1
Ppl
Adig
Dkk2
Thrsp
Cyp2el
Pck1
Acvrlc
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0.82
0.82
0.84
0.85
0.86
0.86
0.88
0.89
0.91
0.95
0.95
0.95
0.98
1.02
1.05
1.06
1.10
1.11
1.11
1.16
1.18
1.23
1.40
1.41
1.46
1.46
1.47
1.48
1.53
1.54
1.54
1.58
1.65
1.69
1.69
1.74
1.83
191
1.99
2.00
2.00
2.01
2.01
2.08
2.10
2.20
2.30
2.35
2.45
2.59
2.76
2.80
3.06
3.57
3.69

9.20
5.01
4.59
6.15
4.65
5.73
4.83
6.28
7.16
6.04
4.94
3.34
4.45
5.18
5.89
5.57
4.97
3.45
5.04
3.89
5.62
6.36
4.65
2.51
4.38
6.57
6.40
4.92
3.56
2.60
4.33
4.43
4.51
5.36
3.20
4.61
3.39
2.73
3.52
2.62
2.02
2.62
4.74
1.74
3.92
2.32
5.49
5.19
2.13
1.14
2.52
3.86
2.87
3.89
2.88

Abcc5
Treml2
Ltf
Syne2
Itih5
Kalrn
Len2
Hspa4l
Mtrf1l
Cd226
Fkbp4
Tob1
Mcpt8
Chordc1
Pou2afl
Mad2l1bp
Peg13
Ar

Gas1
Hspa8
Ppp1r42
Hdc
Prom1
Tsc22d3
c3
Arhgef18
Plac9a
Ecrg4
Vit

Dio2
Gsn
Enpp2
AWO011738
Abca9
Aspn
Car3
Fndc1
Cls1
Ccdc3
Supt3
Cilp
Elovl7
Adipoq
Dpt
Pcsk6
Tppp3
Sparcl1
Clic5
Mgl2
Omd
Zfp866
Sh3bgrl2
Cytl1
Hps4
H4c4
Cdol
H2ac4
Gstz1
Fasn
Dnah8
Cidec
Hrc
Cilp2
Sypl2
Purg
Abca8a

0.48
0.48
0.55
0.55
0.56
0.57
0.57
0.57
0.57
0.57
0.58
0.59
0.59
0.60
0.60
0.61
0.62
0.63
0.63
0.65
0.66
0.66
0.67
0.68
0.68
0.68
0.68
0.69
0.71
0.72
0.73
0.74
0.75
0.75
0.76
0.77
0.79
0.79
0.80
0.80
0.84
0.85
0.86
0.86
0.87
0.93
0.94
0.94
0.95
0.95
0.96
0.97
1.00
1.00
1.00
1.00
1.04
1.05
1.11
1.11
1.12
1.16
1.16
1.20
1.22
1.24

5.78
7.05
9.77
6.55
6.74
5.38
9.04
6.80
4.92
6.16
6.99
5.09
6.65
7.15
5.80
4.90
4.90
5.83
5.73
7.76
4.40
7.49
5.09
6.74
7.69
4.89
5.76
6.81
5.24
5.80
8.57
5.89
4.51
4.59
6.57
9.20
4.59
4.17
5.65
3.95
7.16
4.19
7.12
6.28
5.57
5.49
6.59
5.01
4.97
5.16
3.87
3.77
7.17
331
4.43
5.28
4.43
4.42
5.90
4.29
4.16
5.58
5.89
4.24
2.09
5.62




Ccn3 1.27
Itgall 1.28
Mylk4 1.28
Boc 1.30
B3galt2 1.31
Hsph1 1.33
Htra4 1.38
Dkk2 1.41
Cfd 1.41
Gm36738 1.45
Aoc3 1.45
Scd1 1.47
Ecm2 1.47
Igfbp6 1.51
Abca8b 1.53
Plin1 1.63
Ky 1.71
Abra 1.74
Hspalb 1.74
Myoc 1.76
Lgals12 1.77
Cyp2f2 191
Nr4a3 2.05
Tspanl5 2.16
c7 2.21
Pck1 2.25
Cesld 2.28
Retn 2.38
Clec3b 2.43
Acvrlc 2.48
Adig 2.56
Mettl21c 2.69
Thrsp 2.78
Retnla 2.95
Cyp2el 3.20
Nnat 3.36

3.46
2.73
7.22
3.45
3.92
6.48
3.81
2.52
8.30
2.33
4.74
8.22
4.92
4.24
3.52
5.19
3.39
4.64
3.42
6.40
2.02
4.61
2.40
2.14
1.86
3.89
2.88
291
4.43
2.88
1.14
3.00
3.86
3.88
2.87
5.36

Next, we performed ontology analysis on the AIR genes for each timepoint to determine the general
pathways and functions of the AIR genes over time (Figure 2.1D,E,F). In the first hour, the upregulated
genes are primarily involved in transcriptional regulation molecular functions. These functions include
DNA binding and polymerase Il recruitment and activating factors. Following four hours there was
increases in cytokine and chemokine signaling which peaked at eight hours with some continuation at
twenty-four hours. Many receptor and ligand associated genes were upregulated at hours four, eight,
and twenty-four. At eight hours many genes associated with integrins, collagen, and ECM were

downregulated. The ontology of biological processes in the AIR genes showed a strong response to

stimulus at one and four hours. This was followed by cytokine response at four and eight hours. During

this period responses to growth factors and TGFB were downregulated. At eight hours the biological
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processes related to leukocyte chemotaxis were enriched. Finally at twenty-four hours processes related
to angiogenesis and cell migration were enriched. When organized by pathways for ontological analysis,
at one and four hours IL-17, Oncostatin M (part of the IL-6 family) and TNF, were highly enriched. At one
hour AIR genes also showed in enrichment in the pathways identified in spinal cord injury. At the later
timepoints of eight and twenty-four hours we observed an enrichment in Th2 type pathways including
114, 1113, as well as /110 which inhibits Th1 responses. Several pathways related to fibrosis were also
enriched in the later times. In the pathway analysis several ECM related pathways were downregulated

at eight and twenty-four hours.
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Figure 2.1: scRNA-seq of the whole knee captures a wide variety of cell-types. A) Uniform

Manifold Approximation and Projection (UMAP) of single-cell RNA sequencing scRNA-seq data from the
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mouse injured at three hours. Twenty-two different cell-types or subtypes were identified in the whole
knee digest as shown here. B) UMAP of reclustered Cd45 negative cells from the whole knee dataset. C)
UMAPs of the Cd45- cells with selected aggrecan, lubricin, endoglin and hyaluronan synthase 1
expression highlighted. D) Dotplot showing the expression of selected marker genes of identified cell
types. The dot size represents the percentage of cells within each column expressing the gene, and dot

color indicated normalized average expression level of each gene.

To determine the potential cellular sources of AIR expression within the murine knee, we performed
single-cell RNA seq of the whole knee digests from a mouse to first survey and identify the cell
populations present. We found a larger population of Cd45* immune cells relative to Cd45 stromal cells,
these populations were clearly delineated in the scRNA-seq data. We identified twenty-two distinct cell
populations within the whole knee digest (Figure 2.2A).

Within the stromal cells we identified chondrocytes, endothelial cells, and synovial fibroblasts by
subsetting the Cd45™ cells (Figure 2.2B). The genes aggrecan, lubricin, endoglin and hyaluronan synthase
1 are shown within the stromal cell subset data in Figure 2.2C. Chondrocytes were identified by
expression of Acan and Prg4[101]. Endothelial cells were identified by expression of Eng[102], and
synovial fibroblasts were identified by expression of Has1, and Prg4[69, 103].

Many immune cells were identified within the knee digest, including many B cells, neutrophils and
monocytes and macrophages, T cells and NK cells, as well as basophils, mast cells and dendritic cells
(DCs). Figure 2.2D shows the chosen markers for each cell type and their expression. B cells were
identified by expression of Cd79a[104] while developing B cells also expressed Ragl [105]. A Cd11b+ B
cell subpopulation expressed Cd11b and appeared to express similar genes to that of neutrophils or
other trafficking immunes cells. Neutrophils were identified by expression of Cd11b, Retnlg, and

Cxcr2.Neutrophils are short lived cells that exist along a continual path of development and activation
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which has been termed “neutrotime”, in this study we split the neutrophils into three clusters based on
the expression of neutrotime markers[106], early (naive) neutrophils (Neutrophil 1) express less /l-1b and

Cxcr1, while later more activated neutrophils express greater levels.

Macrophages and Monocytes expressed Apoe and Adrge1[107]. Monocytes expressed Ccr2 as well
proliferating monocytes were identified by expression of Top2a[108, 109]. Monocyte dendritic cells were
identified by expression of Cd209a and major histocompatibility complex (MHCII, the gene H2-Ab1)[110]
while Macrophages lacked Ccr2 relative to monocytes. Macrophages expressing Vcam1, as well as MHCII
we designated Vcam1*. Cx3cr1* macrophages expressed Cx3crl, indicative of a more resident role and
niche[111]. Lyve* Macrophages expressed Lyvel and high levels of Cd11b [112].

Dendritic cells (DCs) expressed Siglech, Cd209a and Lag3[113]. The basophil and mast cell cluster was
identified by expression of Gata2[114]. NK cells were identified by expression of granzyme a
(Gzma)[115]. T Cells were identified by expression of the T cell receptor alpha constant (Trac).

Proliferating cells were identified by expression of Mki67 and Top2a[108].

In summary we identified a broad range of cells including large populations of immune cells.
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Figure 2.3: Three hours post injury, single-cell sequencing reveals differences in stromal and

immune population’s Acute Injury Responses. A-B) Dot plots showing expression of the unique 1
hour AIR gene list (A) or unique 4 hour AIR gene list (B) by single-cell seq at three hours post-injury. Left

half of circles represeent uninjured limb cells, right half of circles represent injured limb cells. Circle size
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show the percent of cells in each cluster expressing each gene, circle color shows relative expression

levels of the gene in each cluster. Gene lists have been partitioned by K-means into groups of similarly
expressed genes by clusters. C) Violinplots of selected AIR genes across knee cell populations. Expression
of uninjured limb cells are on the left (blue) and cells from the injured limb on the right (yellow) for each

cluster. Expression of Mt1, Mt2, II-33 and Ptgs2 are displayed.

To ascertain the cellular origins of AIR genes identified via bulk sequencing, we compared AIR gene
expression in control versus injured knees three hours post-injury using single-cell RNA sequencing data.
By filtering the expression using the unique AIR genes at one and four hours, distinct AIR gene

expression profiles were evident in immune cells and stromal cells (Figure 2.3A-B).

The 1-hour genes are arranged by K-means partitioning to visually organize similar gene expression
patterns across the cell-type clusters (Figure 2.3A). The genes in middle partition are expressed
predominately within the stromal cell clusters. These genes include many transcription factors including
Egrl, Egr2, Egr3, Klf4, KIf9. Chondrocytes and SIF cells are the predominate expressors within this
partition. Many genes related to the ECM are found within this partition including Mt1, Mt2, Adamts1,
Ccnl, and Has1. In the bottom partition, neutrophils contribute to many of the 1 hour AIR genes,
particularly the more activated neutrophils in the Neutrophil 3 cluster. Il1r2, Clec4d, Trem1, Acod, Arg2
and /l1b were conspicuous in this pattern. Many genes are shared between neutrophils and monocytes
and macrophages including Nfkbia, Junb, Fos, Trib1, and Duspl. The genes in the top partition were
expressed primarily in the monocyte and macrophage groups as well as T, NK and Basophil/Mast cells.
Within the monocytes, Nr4a2, Nrdal are highly expressed and have been previously shown to be
elevated in chronic arthritis [116]. Expression of Ifrd1, a repressor of NF-KB, is generally increased after
injury in stromal cells, but decreased in monocytes and macrophages.

Using the same 3-hour post injury scRNA-seq dataset we then partitioned and plotted the expression of

the 4-hour AIR genes to assess which populations may be contributing to these genes (Figure 2.3B). In
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the bottom partition, the overall expression pattern is mixed with B-Cells, monocytes and macrophages,
and other immune cells contributing primarily. Many of these genes are related to mRNA processing and
metabolism [117, 118] (Ncbp2, Xrn2, Parn, Eif3e) and are expressed across these groups with an increase
in the dendritic cell and proliferating monocytes clusters.

In the middle partition we found expression primarily driven by the stromal cell groups. Using gene
ontology analysis (Table 2.2) we found that many genes were associated with negative regulation of cell
proliferation (Ski, Acvric, Pdpn, Sox11, Inhba, HspalB) and nervous system development (AcvriC,
Tmod2, Sox11, Inhba, Sptbn1, Cdon)[93]. The cytokines Ccl7 and /133 are found within this partition and
were expressed by synovial fibroblasts (Ccl7, 1133) as well as Vcam1* and Lyve* Macrophages (Ccl7). In the
top partition we found the genes expressed most strongly within the neutrophils, monocytes, and
macrophages. The Cd11b* B-cells also were represented within this partition, expressing a similar
pattern to that of neutrophils. The genes within the partition don’t share many pathways (Table 2.2) but
represent a mix of genes from transcription factors (KIf13, Zeb2, Arid5b), immune related receptors

(Cd300lf, Cx3cr1, TIr13), mitochondrial related genes (Foxred2, Slc25a10) and others.

To further understand the differences and similarities between stromal and immune we have highlighted
several AIR genes represented in differing populations in the knee three hours post injury. We found that
Mt1 is expressed within stromal cells as well as monocytes and macrophages within the knee, whereas

Mt2 is expressed within stromal cells and a subpopulation of macrophages (Figure 2.3C).

Metallothioneins are intracellular proteins which help maintain heavy metal ion balance in cells, protect
against oxidative stresses, and are known to be induced by oxidative and inflammatory stressors[119].
We found that //-33, an II-1 family cytokine and alarmin with many pro-inflammatory and some anti-
inflammatory effects[120], was expressed in synovial fibroblasts after injury. Ptgs2 is expressed in

monocytes, later neutrophils and Cd11b* B-cells, as well as basophils and Mast cells. Ptgs2 is the gene
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encoding Cyclooxygenase-2 (Cox2) , responsible for the production of prostaglandin E2, a potent

inflammatory mediator and frequent target of inhibition in the treatment for OA pain[121].

Table 2.2: Gene Ontology of AIR Genes by scRNA-seq Clustering. Gene ontology analysis of AIR

genes from one and four hours based on K-means partitioning of AIR expression my cluster from Figure

2.3.

P- Adjusted Odds  Combine

Term value P-value Ratio d Score Genes
Regulation Of Type B Pancreatic Cell 148
Proliferation (GO:0061469) 0.00 0.00 0 18957  NR4A1;NR4A3
T-helper 17 Cell Lineage Commitment
(GO:0072540) 0.00 0.00 888 10715 SOCS3;IL6
T-helper 17 Cell Differentiation (GO:0072539) 0.00 0.00 740 8716 SOCS3;IL6
T-helper Cell Lineage Commitment
(G0:0002295) 0.00 0.00 555 6273  SOCS3;IL6
Positive Regulation Of Leukocyte Cell-Cell
Adhesion (G0O:1903039) 0.00 0.01 106 872  IL6;NR4A3
Positive Regulation Of Smooth Muscle Cell
Proliferation (GO:0048661) 0.00 0.01 98 801 IL6;NR4A3
Regulation Of Receptor Signaling Pathway Via
JAK-STAT (GO:0046425) 0.00 0.01 87 686 SOCS3;IL6
Regulation Of Smooth Muscle Cell Proliferation
(GO:0048660) 0.00 0.01 85 669  IL6;NR4A3
Fat Cell Differentiation (GO:0045444) 0.00 0.01 74 559  NR4A1;NR4A3
Regulation Of Tyrosine Phosphorylation Of STAT
Protein (GO:0042509) 0.00 0.01 70 526 SOCS3;IL6
Negative Regulation Of Programmed Cell Death
(GO:0043069) 0.00 0.02 19 134 SOCS3;IL6;1ER3
Cellular Response To Peptide Hormone Stimulus
(GO:0071375) 0.00 0.02 51 349 NR4A1;NR4A3
Regulation Of Epithelial Cell Proliferation
(GO:0050678) 0.00 0.02 50 339  NR4A1;NR4A3
Positive Regulation Of Transcription By RNA
Polymerase Il (GO:0045944) 0.00 0.02 12 78  NR4AIL;IL6;NR4A3;ATF3
Negative Regulation Of Apoptotic Process
(G0O:0043066) 0.00 0.03 15 95  SOCS3;IL6;1ER3
Positive Regulation Of Epithelial Cell
Proliferation (GO:0050679) 0.00 0.03 36 227  NR4A1;NR4A3
Regulation Of Glucagon Secretion (GO:0070092) 0.00 0.03 500 2946 IL6
Regulation Of Interleukin-1-Mediated Signaling
Pathway (G0O:2000659) 0.00 0.03 500 2946 L6
Response To Catecholamine (GO:0071869) 0.00 0.03 500 2946  NR4A3
Inflammatory Response To Wounding
(GO:0090594) 0.00 0.03 500 2946 L6
Response To Peptidoglycan (GO:0032494) 0.00 0.03 500 2946 IL6
Regulation Of Apoptotic DNA Fragmentation
(G0:1902510) 0.00 0.03 500 2946 L6
Leukocyte Apoptotic Process (GO:0071887) 0.00 0.03 500 2946 IL6
Defense Response To Symbiont (GO:0140546) 0.00 0.03 30 177 IL6;DDIT4
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Positive Regulation Of Gliogenesis
(G0O:0014015)

Positive Regulation Of Mast Cell Activation
(GO:0033005)

Negative Regulation Of miRNA Processing
(G0O:1903799)

Cellular Response To Monoamine Stimulus
(GO:0071868)

Neurotrophin TRK Receptor Signaling Pathway
(G0:0048011)

Positive Regulation Of DNA-templated
Transcription (GO:0045893)

Cellular Response To Leptin Stimulus
(GO:0044320)

Positive Regulation Of T-helper 2 Cell Cytokine
Production (GO:2000553)

Myeloid Leukocyte Mediated Immunity
(G0O:0002444)

Positive Regulation Of Vascular Associated
Smooth Muscle Cell Migration (GO:1904754)
Positive Regulation Of Extracellular Matrix
Disassembly (GO:0090091)

Regulation Of Glial Cell Proliferation
(G0O:0060251)

Response To Leptin (GO:0044321)
Endothelial Cell Chemotaxis (GO:0035767)

Defense Response To Virus (GO:0051607)
Negative Regulation Of Lipid Localization
(G0:1905953)

Negative Regulation Of Tyrosine
Phosphorylation Of STAT Protein (GO:0042532)
Negative Regulation Of Bone Resorption
(GO:0045779)

Mast Cell Activation Involved In Immune
Response (GO:0002279)

Mast Cell Degranulation (GO:0043303)

Response To Corticosteroid (GO:0031960)
Regulation Of T-helper 2 Cell Cytokine
Production (GO:2000551)

Regulation Of Apoptotic Process (GO:0042981)

Mast Cell Mediated Immunity (GO:0002448)
Positive Regulation Of Platelet Aggregation
(GO:1901731)

Positive Regulation Of Behavior (GO:0048520)
Regulation Of Astrocyte Differentiation
(GO:0048710)

Negative Regulation Of Bone Remodeling
(GO:0046851)

Regulation Of Cell Activation (GO:0050865)
Positive Regulation Of Neuroinflammatory
Response (GO:0150078)

Regulation Of Vascular Associated Smooth
Muscle Cell Migration (G0:1904752)
Regulation Of Leukocyte Adhesion To Vascular
Endothelial Cell (GO:1904994)

Neutrophil Mediated Immunity (GO:0002446)
Positive Regulation Of Fatty Acid Oxidation
(G0O:0046321)

Apoptotic Process (GO:0006915)
Mature B Cell Differentiation Involved In
Immune Response (GO:0002313)
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Acute-Phase Response (GO:0006953)
Interleukin-6-Mediated Signaling Pathway
(G0:0070102)

Positive Regulation Of Type 2 Immune Response
(G0:0002830)

Regulation Of Extracellular Matrix Disassembly
(G0:0010715)

Regulation Of Feeding Behavior (GO:0060259)
Negative Regulation Of Receptor Signaling
Pathway Via STAT (GO:1904893)

Positive Regulation Of Acute Inflammatory
Response (GO:0002675)

Regulation Of Microglial Cell Activation
(G0O:1903978)

Platelet-Derived Growth Factor Receptor
Signaling Pathway (G0O:0048008)

Positive Regulation Of Transmembrane
Transport (GO:0034764)

Neurotrophin Signaling Pathway (GO:0038179)
Positive Regulation Of Homotypic Cell-Cell
Adhesion (G0O:0034112)

Regulation Of Fatty Acid Oxidation
(GO:0046320)

Positive Regulation Of Muscle Hypertrophy
(G0O:0014742)

Positive Regulation Of Myeloid Leukocyte
Cytokine Production Involved In Immune
Response (GO:0061081)

Negative Regulation Of Receptor Signaling
Pathway Via JAK-STAT (GO:0046426)

Positive Regulation Of Smooth Muscle Cell
Migration (G0:0014911)

Negative Regulation Of Biosynthetic Process
(G0O:0009890)

Negative Regulation Of Chemokine Production
(GO:0032682)

Regulation Of Receptor Signaling Pathway Via
STAT (G0O:1904892)

Cell Migration Involved In Sprouting
Angiogenesis (G0O:0002042)

Positive Regulation Of Leukocyte Adhesion To
Vascular Endothelial Cell (GO:1904996)
Regulation Of Glucose Transmembrane
Transport (GO:0010827)

Regulation Of Leukocyte Chemotaxis
(G0O:0002688)

Positive Regulation Of Cardiac Muscle
Hypertrophy (GO:0010613)

Positive Regulation Of Fatty Acid Metabolic
Process (GO:0045923)

Regulation Of Collagen Biosynthetic Process
(GO:0032965)

Negative Regulation Of Lipid Storage
(G0:0010888)

Negative Regulation Of Nervous System
Development (GO:0051961)

T-helper Cell Differentiation (GO:0042093)
Positive Regulation Of Cytokine Production
Involved In Inflammatory Response
(G0:1900017)

Positive Regulation Of Extracellular Matrix
Organization (GO:1903055)
Transmembrane Receptor Protein Tyrosine
Kinase Signaling Pathway (GO:0007169)
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Cellular Response To Catecholamine Stimulus
(G0:0071870)

Gastrulation (GO:0007369)

Regulation Of Acute Inflammatory Response
(G0O:0002673)

Intrinsic Apoptotic Signaling Pathway In
Response To DNA Damage By P53 Class
Mediator (GO:0042771)

Regulation Of Neuroinflammatory Response
(G0:0150077)

Response To Fibroblast Growth Factor
(GO:0071774)

Positive Regulation Of Vascular Associated
Smooth Muscle Cell Proliferation (GO:1904707)
Positive Regulation Of T Cell Cytokine
Production (GO:0002726)

Regulation Of Lipid Storage (G0O:0010883)

Fc Receptor Mediated Stimulatory Signaling
Pathway (G0O:0002431)

Fc-epsilon Receptor Signaling Pathway
(G0:0038095)

Negative Regulation Of Cell Development
(G0:0010721)

Blood Vessel Endothelial Cell Migration
(GO:0043534)

Cellular Response To Interleukin-6
(GO:0071354)

Regulation Of Cardiac Muscle Hypertrophy
(GO:0010611)

Positive Regulation Of Epithelial Cell Apoptotic
Process (GO:1904037)

Positive Regulation Of Interleukin-17 Production
(GO:0032740)

Positive Regulation Of Vascular Endothelial
Growth Factor Production (GO:0010575)

Peptide Hormone Secretion (GO:0030072)

Regulation Of B Cell Activation (GO:0050864)
Regulation Of Platelet Aggregation
(G0O:0090330)

Regulation Of Vascular Endothelial Growth
Factor Production (GO:0010574)

Acute Inflammatory Response (GO:0002526)

Response To Glucocorticoid (GO:0051384)
Negative Regulation Of Neurogenesis
(G0O:0050768)

Regulation Of Immunoglobulin Production
(GO:0002637)

Positive Regulation Of Cytosolic Calcium lon
Concentration Involved In Phospholipase C-
activating G Protein-Coupled Signaling Pathway
(G0O:0051482)

Regulation Of Bone Resorption (GO:0045124)
Maintenance Of Blood-Brain Barrier
(GO:0035633)

Regulation Of DNA-templated Transcription
(GO:0006355)

Positive Regulation Of Interleukin-10 Production
(G0O:0032733)

Negative Regulation Of Peptidyl-Tyrosine
Phosphorylation (GO:0050732)

Regulation Of Vasculature Development
(G0:1901342)
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Positive Regulation Of Glucose Transmembrane
Transport (GO:0010828)

Positive Regulation Of Leukocyte Migration
(G0O:0002687)

Positive Regulation Of Rho Protein Signal
Transduction (GO:0035025)

Regulation Of Macrophage Activation
(GO:0043030)

Negative Regulation Of Fat Cell Differentiation
(G0:0045599)

Positive Regulation Of Immunoglobulin
Production (GO:0002639)

Cellular Response To Hydrogen Peroxide
(G0:0070301)

Cellular Response To Vascular Endothelial
Growth Factor Stimulus (GO:0035924)
Regulation Of Interleukin-17 Production
(GO:0032660)

Intrinsic Apoptotic Signaling Pathway By P53
Class Mediator (G0O:0072332)

Liver Development (GO:0001889)

Regulation Of Transcription By RNA Polymerase
11 (GO:0006357)

Cellular Response To Oxygen-Containing
Compound (G0O:1901701)

Regulation Of Vascular Associated Smooth
Muscle Cell Proliferation (GO:1904705)
Positive Regulation Of Receptor Signaling
Pathway Via JAK-STAT (GO:0046427)

Positive Regulation Of Receptor Signaling
Pathway Via STAT (G0O:1904894)

Positive Regulation Of Production Of Molecular
Mediator Of Immune Response (GO:0002702)

Endothelial Cell Migration (GO:0043542)
Regulation Of Chemokine Production
(GO:0032642)

Lysosome Localization (GO:0032418)

Monocyte Chemotaxis (GO:0002548)

Energy Derivation By Oxidation Of Organic
Compounds (GO:0015980)
Phosphatidylinositol Phosphate Biosynthetic
Process (GO:0046854)

Positive Regulation Of Osteoblast
Differentiation (GO:0045669)

Positive Regulation Of Chemotaxis
(G0:0050921)

Regulation Of Cytokine Production Involved In
Inflammatory Response (GO:1900015)
Regulation Of Interleukin-10 Production
(GO:0032653)

Response To Hydrogen Peroxide (GO:0042542)
Positive Regulation Of Lymphocyte Activation
(G0:0051251)

Response To Organonitrogen Compound
(G0:0010243)

Positive Regulation Of Epithelial To
Mesenchymal Transition (GO:0010718)
Intrinsic Apoptotic Signaling Pathway In
Response To DNA Damage (GO:0008630)

Cell Chemotaxis (GO:0060326)

Pyruvate Metabolic Process (GO:0006090)
Positive Regulation Of Ras Protein Signal
Transduction (GO:0046579)
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Positive Regulation Of Cell Population

Proliferation (GO:0008284) 0.03 0.05 9 32 IL6;NR4A3
Sprouting Angiogenesis (GO:0002040) 0.03 0.05 39 139 NR4A1
Positive Regulation Of B Cell Activation
(GO:0050871) 0.03 0.05 39 139 L6
Regulation Of Peptide Hormone Secretion
(G0O:0090276) 0.03 0.05 39 139 L6
Positive Regulation Of Chemokine Production
(G0:0032722) 0.03 0.05 38 136 L6
Positive Regulation Of Leukocyte Chemotaxis
(G0O:0002690) 0.03 0.05 38 133 L6
Negative Regulation Of TOR Signaling
(G0:0032007) 0.03 0.05 38 133 DDIT4
Cellular Response To Fibroblast Growth Factor
Stimulus (GO:0044344) 0.03 0.05 37 130 NR4A1
Neuron Migration (GO:0001764) 0.03 0.05 37 130 DDIT4
Positive Regulation Of Tyrosine Phosphorylation
Of STAT Protein (GO:0042531) 0.03 0.05 37 130 IL6
Positive Regulation Of Interleukin-1 Beta
Production (GO:0032731) 0.03 0.05 36 124 IL6
Negative Regulation Of Cytokine-Mediated
Signaling Pathway (GO:0001960) 0.03 0.05 34 118 L6
Term P- Adjusted Odds  Combine Genes
value P-value Ratio d Score
Nuclear Glucocorticoid Receptor Binding
(G0O:0035259) 0.00 0.00 740 8716  NR4A1;NR4A3
DNA-binding Transcription Activator Activity,
RNA Polymerase Il-specific (G0:0001228) 0.00 0.01 21 153 NR4A1;NR4A3;ATF3
Nuclear Receptor Binding (G0:0016922) 0.00 0.02 39 248  NR4A1;NR4A3
Protein Tyrosine Kinase Inhibitor Activity
(G0O:0030292) 0.00 0.02 400 2284 SOCS3
Interleukin-6 Receptor Binding (GO:0005138) 0.00 0.02 400 2284 L6
Protein Heterodimerization Activity
(GO:0046982) 0.00 0.02 23 126  NR4AILATF3
cAMP Response Element Binding (GO:0035497) 0.00 0.02 250 1326  NR4A3
1-Phosphatidylinositol-3-Kinase Regulator
Activity (GO:0046935) 0.01 0.03 154 748  SOCS3
Phosphatidylinositol 3-Kinase Regulator Activity
(GO:0035014) 0.01 0.03 125 584 S0OCS3
1 Hour Middle
Biological Process
Term P- Adjusted Odds  Combine Genes
value P-value Ratio d Score
Negative Regulation Of Hemostasis
(G0:1900047) 0.00 0.01 208 1982  THBD,;SERPINE1
Negative Regulation Of Fibrinolysis
(GO:0051918) 0.00 0.01 185 1725 THBD,;SERPINE1
Negative Regulation Of Coagulation
(G0O:0050819) 0.00 0.01 166 1522  THBD;SERPINE1
Regulation Of Angiogenesis (GO:0045765) 0.00 0.01 18 159 ADAMTS1,SERPINE1;,ANGPTL4,;KLF4
Hyaluronan Metabolic Process (GO:0030212) 0.00 0.01 139 1224  TNFAIP6;HAS1
Nucleotide-Sugar Biosynthetic Process
(G0O:0009226) 0.00 0.01 128 1111  UGDH;GFPT2
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Regulation Of Fibrinolysis (G0:0051917) 0.00 0.01 119 1016  THBD,SERPINE1
Positive Regulation Of Blood Coagulation

(G0O:0030194) 0.00 0.01 88 700 THBD;SERPINE1
Aminoglycan Biosynthetic Process

(G0O:0006023) 0.00 0.01 88 700 UGDH;HAS1

Positive Regulation Of Angiogenesis

(GO:0045766) 0.00 0.02 22 170  SERPINE1;ANGPTL4;KLF4
Regulation Of Epidermal Growth Factor-

Activated Receptor Activity (GO:0007176) 0.00 0.02 69 524  ERRFI1;HBEGF
Glycosaminoglycan Metabolic Process

(G0O:0030203) 0.00 0.02 64 474  UGDH;HAS1

Negative Regulation Of Wound Healing

(GO:0061045) 0.00 0.02 64 474  THBD;SERPINE1
Regulation Of Blood Coagulation (GO:0030193) 0.00 0.02 62 452  THBD;SERPINE1
Negative Regulation Of Blood Coagulation

(G0O:0030195) 0.00 0.02 59 432 THBD;SERPINE1
Negative Regulation Of Response To External

Stimulus (G0:0032102) 0.00 0.02 18 127  TNFAIP6,SERPINE1;KLF4
Cellular Response To Growth Factor Stimulus

(GO:0071363) 0.00 0.02 17 117  EGR3;HAS1;KLF4
Positive Regulation Of Wound Healing

(G0:0090303) 0.00 0.02 44 293  SERPINE1;HBEGF
Positive Regulation Of miRNA Transcription

(GO:1902895) 0.00 0.03 41 266 EGRI1,KLF4

Regulation Of Wound Healing (GO:0061041) 0.00 0.03 37 235  SERPINE1;HBEGF
Positive Regulation Of miRNA Metabolic Process

(G0O:2000630) 0.00 0.03 35 223 EGRI;KLF4

Regulation Of Apoptotic Process (GO:0042981) 0.00 0.03 7 41  EGRI;EGR3;PIM3;ANGPTL4,;5SGK1
Cell Chemotaxis (GO:0060326) 0.00 0.03 35 216  EGR3;HBEGF

Negative Regulation Of Response To Stimulus

(GO:0048585) 0.00 0.03 33 205 PIM3;KLF4
Glycosaminoglycan Biosynthetic Process

(GO:0006024) 0.00 0.03 30 177 UGDH;HAS1

Muscle Organ Development (GO:0007517) 0.00 0.03 30 177 EGR3;HBEGF
Regulation Of miRNA Transcription

(G0O:1902893) 0.00 0.03 29 173 EGRI1,KLF4

Fat Cell Differentiation (G0O:0045444) 0.00 0.04 28 161 EGR2;KLF4

Negative Regulation Of Apoptotic Process

(GO:0043066) 0.00 0.04 7 42  EGR3,PIM3;ANGPTL4,KLF4
Regulation Of Inflammatory Response

(G0:0050727) 0.00 0.04 11 61  TNFAIP6;SERPINE1;KLF4

Molecular Function

P- Adjusted Odds Combine

Term value P-value Ratio d Score Genes
Double-Stranded DNA Binding (GO:0003690) 0.00 0.02 7 47  EGRI1;EGR2;EGR3;FOSB;KLF4
Promoter-Specific Chromatin Binding
(GO:1990841) 0.00 0.02 42 274  EGRI1;KLF4
Sequence-Specific Double-Stranded DNA
Binding (G0O:1990837) 0.00 0.02 6 40 EGRI1;EGR2;EGR3;FOSB;KLF4
Sequence-Specific DNA Binding (GO:0043565) 0.00 0.02 6 40 EGR1,EGR2;EGR3;FOSB;KLF4
Cis-Regulatory Region Sequence-Specific DNA
Binding (GO:0000987) 0.00 0.02 5 31 EGRI1;EGR2;EGR3;KLF9;FOSB;KLF4
RNA Polymerase Il Cis-Regulatory Region
Sequence-Specific DNA Binding (GO:0000978) 0.00 0.02 5 30 EGRI1,EGR2;EGR3;KLF9;FOSB;KLF4
Transcription Regulatory Region Nucleic Acid
Binding (GO:0001067) 0.00 0.02 12 68 EGRI1,EGR2;KLF4
RNA Polymerase Il Transcription Regulatory
Region Sequence-Specific DNA Binding
(G0:0000977) 0.00 0.03 5 25  EGRI1;EGR2;EGR3;KLF9;FOSB;KLF4
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Growth Factor Activity (GO:0008083) 0.01 0.03 20 104  CXCL1;HBEGF
Double-Stranded Methylated DNA Binding

(G0O:0010385) 0.01 0.03 200 1006  EGR1
DNA-binding Transcription Activator Activity,
RNA Polymerase ll-specific (GO:0001228) 0.01 0.05 7 34  EGRI1;EGR2;KLF4

P- Adjusted Odds Combine

Term value P-value Ratio d Score Genes
Integrated Stress Response Signaling
(GO:0140467) 0.00 0.00 177 2374  CEBPB;FOS;JUNB
Regulation Of p38MAPK Cascade (GO:1900744) 0.00 0.00 135 1713 PER1;DUSP1;IL1B
Positive Regulation Of Unsaturated Fatty Acid
Biosynthetic Process (GO:2001280) 0.00 0.00 714 8292  IL1B;PTGS2
Regulation Of Prostaglandin Biosynthetic
Process (GO:0031392) 0.00 0.00 714 8292  IL1B;PTGS2
Response To Molecule Of Bacterial Origin
(G0:0002237) 0.00 0.00 70 749  IL1B;TRIB1;CXCL2
Inflammatory Response (GO:0006954) 0.00 0.00 28 295  CEBPB;IL1B;FOS;CXCL2
Regulation Of Inflammatory Response
(G0:0050727) 0.00 0.00 28 288  NFKBIA;IL1B;ACOD1,PTGS2
Positive Regulation Of Acute Inflammatory
Response (GO:0002675) 0.00 0.00 238 2335  /L1B;PTGS2
Regulation Of MAP Kinase Activity
(GO:0043405) 0.00 0.00 41 382 DUSP1;IL1B;TRIB1
Regulation Of Neuroinflammatory Response
(G0:0150077) 0.00 0.00 168 1542  IL1B;PTGS2
Positive Regulation Of Defense Response
(GO:0031349) 0.00 0.00 38 341  NFKBIA;IL1B;ACOD1
Entrainment Of Circadian Clock By Photoperiod
(GO:0043153) 0.00 0.00 136 1195  PER1,SIK1
Positive Regulation Of Vascular Endothelial
Growth Factor Production (GO:0010575) 0.00 0.00 130 1130 IL1B;PTGS2
Photoperiodism (GO:0009648) 0.00 0.00 130 1130 PER1,SIK1
Regulation Of Vascular Endothelial Growth
Factor Production (GO:0010574) 0.00 0.00 119 1016  IL1B;PTGS2
Positive Regulation Of Nitric Oxide Biosynthetic
Process (GO:0045429) 0.00 0.00 114 967 IL1B;PTGS2
Negative Regulation Of DNA-binding
Transcription Factor Activity (GO:0043433) 0.00 0.00 31 265  NFKBIA;SIK1,TRIB1
Positive Regulation Of Nitric Oxide Metabolic
Process (GO:1904407) 0.00 0.00 110 922 IL1B;PTGS2
Positive Regulation Of Response To External
Stimulus (G0O:0032103) 0.00 0.00 30 251  NFKBIA;IL1B;ACOD1
Cellular Response To Oxygen-Containing
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Response To Lipopolysaccharide (GO:0032496) 0.00 0.00 29 243 |L1B;TRIB1;,CXCL2
Positive Regulation Of DNA-templated
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Cascade (GO:0032873) 0.00 0.01 81 638  PER1,DUSP1
Regulation Of Nitric Oxide Biosynthetic Process
(GO:0045428) 0.00 0.01 77 596 IL1B;PTGS2
Positive Regulation Of Transcription By RNA
Polymerase Il (GO:0045944) 0.00 0.01 9 68  NFKBIA;PER1,CEBPB;FOS;JUNB
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0.05

Adjusted
P-value

0.14
0.14

60

51
51

51
49

49
48

48

48
48

10
10

46

46
46

46

46

44
44

44
43
43

43

42

42

42

40

39

39
39
39

0Odds
Ratio

74

197
197

197
188

188
179

179

179
179

36
36

172

172
172

172

172

164
164

164
158
158

158

152

152

152

146

140

140
140
140

Combine
d Score

15
310

SIK1
CEBPB

IL1B
IL1B

IL1B
TRIB1

DUSP1

NFKBIA
CLEC4D

NFKBIA;IL1B
SIK1,JUNB

NFKBIA

CEBPB
PTGS2

SIK1

PTGS2

PER1
SIK1

NFKBIA
NFKBIA
NFKBIA

ARG2
NFKBIA
SIK1
IL1B
PER1
ARG2

IL1B
CEBPB
DUSP1

Genes

NFKBIA;PER1,CEBPB;DUSP1,5IK1,FOS; TRIB1,JU
NB

PTGS2



Nuclear Inner Membrane (GO:0005637)
Intracellular Membrane-Bounded Organelle
(GO:0043231)

Ficolin-1-Rich Granule Membrane (G0:0101003)
Tertiary Granule Membrane (GO:0070821)

Term

Transcription Regulatory Region Nucleic Acid
Binding (GO:0001067)

RNA Polymerase ll-specific DNA-binding
Transcription Factor Binding (G0O:0061629)

Ubiquitin Protein Ligase Binding (GO:0031625)
DNA-binding Transcription Factor Binding
(G0:0140297)

Ubiquitin-Like Protein Ligase Binding
(G0:0044389)

Sequence-Specific Double-Stranded DNA
Binding (GO:1990837)

Transcription Coregulator Binding (GO:0001221)
Mitogen-Activated Protein Kinase Kinase
Binding (GO:0031434)

Transcription Cis-Regulatory Region Binding
(G0O:0000976)

cAMP Response Element Binding Protein
Binding (GO:0008140)

Hydrolase Activity, Acting On Carbon-Nitrogen
(But Not Peptide) Bonds, In Linear Amidines
(GO:0016813)

Interleukin-1 Binding (GO:0019966)
Interleukin-1 Receptor Binding (GO:0005149)
Protein Kinase Binding (GO:0019901)

Cytokine Activity (GO:0005125)
Cis-Regulatory Region Sequence-Specific DNA
Binding (GO:0000987)

RNA Polymerase Il Cis-Regulatory Region
Sequence-Specific DNA Binding (GO:0000978)
CXCR Chemokine Receptor Binding
(G0:0045236)

Double-Stranded DNA Binding (GO:0003690)
RNA Polymerase Il Transcription Regulatory
Region Sequence-Specific DNA Binding
(G0:0000977)

Mannose Binding (GO:0005537)

R-SMAD Binding (GO:0070412)

Oxidoreductase Activity, Acting On Single
Donors With Incorporation Of Molecular
Oxygen, Incorporation Of Two Atoms Of Oxygen
(G0:0016702)

Sequence-Specific DNA Binding (GO:0043565)
Mitogen-Activated Protein Kinase Binding
(G0:0051019)

Nuclear Localization Sequence Binding
(G0O:0008139)

ATP Binding (GO:0005524)
NF-kappaB Binding (GO:0051059)

0.02

0.03
0.05
0.06

P-
value

0.00

0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.01

0.01

0.01
0.01
0.01
0.01
0.01

0.01

0.01

0.01
0.01

0.01
0.01
0.02

0.02
0.02

0.02

0.02
0.02
0.02

0.16

0.16
0.18
0.18

Adjusted
P-value

0.02

0.02
0.02

0.02
0.02

0.02
0.02

0.03
0.03

0.03

0.03
0.03
0.03
0.03
0.03

0.04
0.04

0.04
0.04

0.04
0.04
0.04

0.04
0.04

0.04

0.04
0.04
0.04

61

44

23
19

Odds
Ratio

21

20
17

16

16

9
29

266

10

190

166
166
166

16

78
74

67

60

58
10
53

164

10
69
54

Combine
d Score

150

146
114

108

104

56
172

1423

49

962

822
822
822
44
76

27

26

387
29

22
333
310

272
25

242

229
40
207

PTGS2
NFKBIA;PER1,CEBPB;DUSP1,5IK1,FOS; TRIB1,JU
NB

CLEC4D
CLEC4D

Genes

PER1;CEBPB;FOS

NFKBIA;FOS;TRIB1
NFKBIA;PER1,;TRIB1

SIK1,FOS;TRIB1

NFKBIA;PER1,;TRIB1

PER1;CEBPB;FOS;JUNB
PER1;FOS

TRIB1

PER1;CEBPB;FOS

SIK1

ARG2

ILIR2

IL1B
DUSP1,SIK1,;TRIB1
IL1B;CXCL2

PER1;CEBPB;FOS;JUNB
PER1;CEBPB;FOS;JUNB

cxXcL2
CEBPB;FOS;JUNB

PER1;CEBPB;FOS;JUNB
CLEC4D
Fos

PTGS2
CEBPB;FOS;JUNB

DUSP1

NFKBIA
SIK1,;TRIB1
NFKBIA



Carboxy-Lyase Activity (GO:0016831)
Adenyl Ribonucleotide Binding (G0O:0032559)

Kinase Inhibitor Activity (GO:0019210)
Core Promoter Sequence-Specific DNA Binding
(GO:0001046)

DNA Binding (GO:0003677)

4 Hour Top

Biological Process

Term
Gluconeogenesis (GO:0006094)
Hexose Biosynthetic Process (GO:0019319)
Liver Development (GO:0001889)
Glucose Metabolic Process (GO:0006006)
Succinate Transport (GO:0015744)

Cell Junction Disassembly (GO:0150146)
His-Purkinje System Development
(GO:0003164)

Negative Regulation Of Mast Cell Activation
(GO:0033004)

Negative Regulation Of Myeloid Leukocyte
Mediated Immunity (GO:0002887)

Autocrine Signaling (GO:0035425)

Short-Chain Fatty Acid Catabolic Process
(GO:0019626)

Positive Regulation Of I-kappaB Phosphorylation
(G0:1903721)

Hepatocyte Differentiation (GO:0070365)
Regulation Of I-kappaB Phosphorylation
(GO:1903719)

Host-Mediated Regulation Of Intestinal
Microbiota Composition (GO:0048874)
Regulation Of Microglial Cell Migration
(G0:1904139)

Fatty Acid Elongation, Monounsaturated Fatty
Acid (GO:0034625)

Fatty Acid Elongation, Polyunsaturated Fatty
Acid (GO:0034626)

Fatty Acid Elongation, Saturated Fatty Acid
(G0:0019367)

Fatty Acid Elongation, Unsaturated Fatty Acid
(GO:0019368)

Positive Regulation Of Apoptotic Cell Clearance
(G0O:2000427)

Positive Regulation Of Secondary Metabolite
Biosynthetic Process (GO:1900378)

Positive Regulation Of Melanin Biosynthetic
Process (GO:0048023)

Regulation Of Apoptotic Cell Clearance
(G0:2000425)

Regulation Of Nitric Oxide Metabolic Process
(GO:0080164)

Regulation Of Macrophage Migration
(G0:1905521)

Synapse Pruning (GO:0098883)

0.02
0.02
0.03

0.03
0.03

P-
value

0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.00
0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.01

0.01

0.01

0.01

0.01
0.01

0.04
0.05
0.05

0.05
0.05

Adjusted
P-value

0.02
0.02
0.02
0.04
0.04
0.04

0.04
0.04

0.04
0.04

0.04

0.04
0.04

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.04
0.04

62

51

40

39

Odds
Ratio

95
86
86
50
333
333

333

333

333
333

333

333
333

266

266

266

266

266

266

266

222

222

222

222

222

190
190

197
34
146

140
19

Combine
d Score

773
687
687
345
1839
1839

1839

1839

1839
1839

1839

1839
1839

1423

1423

1423

1423

1423

1423

1423

1151

1151

1151

1151

1151

962
962

ACOD1
SIK1;TRIB1
TRIB1

FOS
PER1;CEBPB;JUNB

Genes
SLC25A10,PCK1
SLC25A10,PCK1
ARID5B;PCK1
SLC25A10,PCK1
SLC25A10
CX3CR1

HOPX

CD300LF

CX3CR1
CX3CR1

PCK1

CX3CR1
PCK1

CX3CR1

CX3CR1

CX3CR1

ELOVL7

ELOVL7

ELOVL7

ELOVL7

CD300LF

ZEB2

ZEB2

CD300LF

CX3CR1

CX3CR1
CX3CR1



Positive Regulation Of Memory T Cell
Differentiation (GO:0043382)

Tricarboxylic Acid Metabolic Process
(G0:0072350)

Regulation Of Tumor Necrosis Factor
Superfamily Cytokine Production (G0O:1903555)
Regulation Of Mast Cell Activation
(G0O:0033003)

Regulation Of Memory T Cell Differentiation
(G0:0043380)

Regulation Of Melanin Biosynthetic Process
(GO:0048021)

Phosphate lon Transmembrane Transport
(GO:0035435)

Regulation Of Biosynthetic Process
(G0O:0009889)

Sulfate Transport (GO:0008272)
C4-dicarboxylate Transport (GO:0015740)

Fatty Acid Elongation (GO:0030497)

Very Long-Chain Fatty Acid Biosynthetic Process
(GO:0042761)

Negative Regulation Of Toll-Like Receptor
Signaling Pathway (G0O:0034122)

Negative Regulation Of Leukocyte Mediated
Cytotoxicity (GO:0001911)

Negative Regulation Of Phagocytosis
(G0O:0050765)

Antifungal Innate Immune Response
(G0O:0061760)

Negative Regulation Of Leukocyte Activation
(G0O:0002695)

Cellular Response To Glucocorticoid Stimulus
(GO:0071385)

Triglyceride Biosynthetic Process (GO:0019432)

Leukocyte Tethering Or Rolling (GO:0050901)
Long-Chain fatty-acyl-CoA Biosynthetic Process
(G0:0035338)

Positive Regulation Of Neuroblast Proliferation
(G0:0002052)

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01
0.01
0.01
0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01
0.01
0.01

0.01

0.01

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04
0.04
0.04
0.04

0.04

0.04

0.05

0.05

0.05

0.05

0.05
0.05
0.05

0.05

0.05

190

190

190

166

166

148

148

148
133
121
121

121

111

102

95

89

83

83
83
83

83

78

962

962

962

822

822

715

715

715
631
563
563

563

507

461

421

387

358

358
358
358

358

333

PCK1

PCK1

CX3CR1

CD300LF

PCK1

ZEB2

SLC25A10

PCK1
SLC25A10
SLC25A10
ELOVL7

ELOVL7

CD300LF

CX3CR1

CD300LF

CX3CR1

CD300LF

PCK1
PCK1
CX3CR1

ELOVL7

CX3CR1

Term
Negative Regulation Of Glial Cell Proliferation
(GO:0060253)
Negative Regulation Of Cell Population
Proliferation (GO:0008285)
Transmembrane Receptor Protein
Serine/Threonine Kinase Signaling Pathway
(GO:0007178)
Negative Regulation Of Activin Receptor
Signaling Pathway (G0:0032926)

Nervous System Development (GO:0007399)
Cellular Response To Growth Factor Stimulus
(GO:0071363)

Regulation Of Activin Receptor Signaling
Pathway (G0O:0032925)

Activin Receptor Signaling Pathway
(GO:0032924)

P-
value

0.00

0.00

0.00

0.00
0.00

0.00

0.00

0.00

Adjusted
P-value

0.02

0.03

0.03

0.03
0.03

0.03
0.03

0.03

63

Odds
Ratio

324

9

16

122

13

75

69

Combine
d Score

3248

75

140

1035
60

108

574

524

Genes
SKI;SOX11

SKI;ACVR1C;PDPN;SOX11;INHBA;HSPA1B

TMEM100;SKI;ACVR1C;INHBA

SKI;FST
ACVRI1C,TMOD2;SOX11;INHBA;SPTBN1;CDON

TMEM100;CLEC3B;ACVRIC;GAS1
SKI;FST

ACVRIC;INHBA



Regulation Of BMP Signaling Pathway
(G0:0030510) 0.00 0.03 21 155  SKI;FST;SOX11

P- Adjusted 0Odds Combine
Term value P-value Ratio d Score Genes
Ficolin-1-Rich Granule Lumen (G0:1904813) 0.00 0.01 17 152  HSPAS8;CRISPLD2;FGL2;HSPA1B
Filopodium Membrane (GO:0031527) 0.00 0.01 108 899  PDPN;SYNE2
Ficolin-1-Rich Granule (G0:0101002) 0.00 0.01 11 83  HSPAS;CRISPLD2;FGL2;HSPA1B
Cell Projection Membrane (GO:0031253) 0.00 0.02 15 95 LIMA1,PDPN;SYNE2
HSPA8;SDC4,;CRISPLD2;FGL2;PDK4,SYNE2;HSPA
Intracellular Organelle Lumen (GO:0070013) 0.00 0.02 4 27 1B

P- Adjusted Odds  Combine

Term value P-value Ratio d Score Genes
C3HC4-type RING Finger Domain Binding
(GO:0055131) 0.00 0.00 324 3248  HSPA8;HSPA1B
Cadherin Binding (GO:0045296) 0.00 0.11 6 34  LIMA1;HSPA8;RSL1D1,SPTBN1
Cytokine Activity (GO:0005125) 0.01 0.11 8 43 |L33;CCL7;INHBA
Actin Binding (GO:0003779) 0.01 0.11 8 41  LIMA1,;SYNE2;SPTBN1

P- Adjusted Odds  Combine

Term value P-value Ratio d Score Genes
Nuclear-Transcribed mRNA Catabolic Process
(GO:0000956) 0.00 0.00 89 1316  NCBP2;XRN2;PARN;EIF3E
Positive Regulation Of mRNA Processing
(GO:0050685) 0.00 0.01 118 1008 NCBP2;CIRBP
Nuclear-Transcribed mRNA Catabolic Process,
Nonsense-Mediated Decay (GO:0000184) 0.00 0.01 118 1008 NCBPZEIF3E
Cytoplasmic Translational Initiation
(G0O:0002183) 0.00 0.01 110 921  NCBPZEIF3E
RNA Stabilization (GO:0043489) 0.00 0.01 88 699  CIRBP;,PARN
Regulation Of Translation (GO:0006417) 0.00 0.01 25 193  NCBP2;CIRBP;EIF3E
Regulation Of Translational Initiation
(GO:0006446) 0.00 0.02 49 333  NCBP2EIF3E
Negative Regulation Of Catabolic Process
(GO:0009895) 0.00 0.02 44 291 CBFA2T3;BANP
Positive Regulation Of Amide Metabolic Process
(G0O:0034250) 0.00 0.03 37 233 CIRBP;EIF3E
Positive Regulation Of Translation (G0O:0045727)  0.00 0.03 29 169  CIRBPEIF3E
RNA Metabolic Process (GO:0016070) 0.00 0.03 28 162  XRN2;PARN
Positive Regulation Of Macromolecule
Biosynthetic Process (GO:0010557) 0.00 0.03 25 143  CIRBP;EIF3E
Cap-Dependent Translational Initiation
(G0O:0002191) 0.00 0.03 357 1994 NCBP2
Regulation Of mRNA Binding (G0O:1902415) 0.00 0.03 357 1994  EIF3E
Galactolipid Biosynthetic Process (GO:0019375) 0.00 0.03 357 1994 B3GALT2
Galactosylceramide Biosynthetic Process
(GO:0006682) 0.00 0.03 357 1994 B3GALT2
Positive Regulation Of RNA Binding
(G0O:1905216) 0.00 0.03 285 1543  EIF3E

64



Positive Regulation Of mRNA Binding
(G0O:1902416)

Polyadenylation-Dependent snoRNA 3'-End
Processing (GO:0071051)

Glycosylceramide Biosynthetic Process
(GO:0046476)

Negative Regulation Of Lipid Kinase Activity
(G0:0090219)

Termination Of RNA Polymerase Il Transcription
(GO:0006369)

Galactosylceramide Metabolic Process
(GO:0006681)

ncRNA Export From Nucleus (GO:0097064)
Positive Regulation Of mRNA 3'-End Processing
(GO:0031442)

Negative Regulation Of Phosphatidylinositol 3-
Kinase Signaling (GO:0014067)

Positive Regulation Of Cellular Biosynthetic
Process (G0O:0031328)

Negative Regulation Of Glycolytic Process
(GO:0045820)

Regulation Of mRNA Polyadenylation
(G0O:1900363)

miRNA Catabolic Process (GO:0010587)

RNA Processing (GO:0006396)
Regulation Of mRNA 3'-End Processing
(G0O:0031440)

Regulation Of RNA Export From Nucleus
(G0O:0046831)

pre-mRNA Cleavage Required For
Polyadenylation (GO:0098789)

sno(s)RNA 3'-End Processing (GO:0031126)
Transcription By RNA Polymerase Il
(GO:0006366)

mMRNA Cleavage Involved In mRNA Processing
(G0:0098787)

Primary miRNA Processing (GO:0031053)
Positive Regulation Of Protein Metabolic
Process (GO:0051247)

Immune Response-Regulating Cell Surface
Receptor Signaling Pathway (G0O:0002768)
Negative Regulation Of Translational Initiation
(GO:0045947)

Formation Of Cytoplasmic Translation Initiation
Complex (GO:0001732)

Regulation Of Cellular Response To Heat
(G0:1900034)

miRNA Metabolic Process (GO:0010586)
Alternative mRNA Splicing, Via Spliceosome
(G0:0000380)

DNA-templated Transcription Termination
(GO:0006353)

Regulation Of Cellular Respiration (GO:0043457)
mRNA Cis Splicing, Via Spliceosome
(G0:0045292)

ncRNA Metabolic Process (GO:0034660)
Regulation Of Aerobic Respiration
(G0:1903715)

Regulation Of Telomerase RNA Localization To
Cajal Body (GO:1904872)

ncRNA-mediated Post-Transcriptional Gene
Silencing (GO:0035194)

0.00

0.00

0.00

0.01

0.01

0.01
0.01

0.01

0.01

0.01

0.01

0.01
0.01
0.01

0.01

0.01

0.01
0.01

0.01

0.01
0.01

0.01

0.01

0.01

0.01

0.01
0.01

0.01

0.01
0.01

0.01
0.01

0.01

0.01

0.01

0.03
0.03
0.03
0.03
0.03

0.03
0.03

0.03
0.03
0.03
0.03

0.03
0.03
0.03

0.03
0.03

0.03
0.03

0.03

0.03
0.03

0.03
0.03
0.03
0.04

0.04
0.04

0.04

0.04
0.04

0.04
0.04

0.04
0.04

0.04

65

285

285

285

238

238

238
204

178

178

18

159

159
159
17

143

143

143
143

16

130
130

16

119

119

110

102
102

95

95
89

89
89

89

89

84

1543

1543

1543

1249

1249

1249
1043

892

892

87

776

776
776
81

685

685

685
685

76

611
611

74

551

551

501

458
458

421

421
389

389
389

389

389

362

EIF3E
PARN
B3GALT2
PIK3IP1
XRN2

B3GALT2
NCBP2

NCBP2
PIK3IP1
CIRBP;EIF3E
CBFA2T3

NCBP2
PARN
NCBP2;XRN2

NCBP2
NCBP2

NCBP2
PARN

NCBP2;XRN2

NCBP2
NCBP2

CIRBP;EIF3E

BTLA

EIF3E

EIF3E

CHORDC1
PARN

NCBP2

XRN2
CBFA2T3

NCBP2
PARN

CBFA2T3

PARN

NCBP2



Nuclear-Transcribed mRNA poly(A) Tail
Shortening (G0O:0000289)
Oligosaccharide Biosynthetic Process
(G0:0009312)

Histone mRNA Metabolic Process (GO:0008334)
Positive Regulation Of mRNA Splicing, Via
Spliceosome (G0O:0048026)

Stress Granule Assembly (GO:0034063)
Carbohydrate Biosynthetic Process
(GO:0016051)

miRNA-mediated Gene Silencing (GO:0035195)

Gene Expression (GO:0010467)
RNA Phosphodiester Bond Hydrolysis
(G0:0090501)

Term

3'-5'-RNA Exonuclease Activity (GO:0000175)
RNA Binding (GO:0003723)

Nuclease Activity (GO:0004518)

mRNA Binding (GO:0003729)

mRNA 3'-UTR Binding (GO:0003730)

poly(G) Binding (GO:0034046)
UDP-galactose:beta-N-acetylglucosamine Beta-
1,3-Galactosyltransferase Activity (GO:0008499)
poly(A)-specific Ribonuclease Activity
(GO:0004535)

RNA 7-Methylguanosine Cap Binding
(G0:0000340)

5'-3' Exonuclease Activity (GO:0008409)
Beta-1,3-Galactosyltransferase Activity
(GO:0048531)

RNA Cap Binding (GO:0000339)
UDP-galactosyltransferase Activity
(G0:0035250)

Telomerase RNA Binding (GO:0070034)

poly(A) Binding (GO:0008143)
RNA Exonuclease Activity, Producing 5'-
Phosphomonoesters (GO:0016896)

Poly-Purine Tract Binding (GO:0070717)

Hsp90 Protein Binding (GO:0051879)
Translation Initiation Factor Activity
(GO:0003743)

3'-5' Exonuclease Activity (GO:0008408)
snRNA Binding (GO:0017069)

rRNA Binding (GO:0019843)
Exonuclease Activity (GO:0004527)

0.01

0.02
0.02

0.02
0.02

0.02
0.02
0.02

0.02

P-
value

0.00
0.00
0.00
0.00
0.00
0.01

0.01

0.01

0.01
0.01

0.01
0.01

0.01
0.02
0.02

0.02
0.02
0.03

0.03
0.03
0.03
0.03
0.03

0.04

0.04
0.04

0.04
0.04

0.05
0.05
0.05

0.05

Adjusted
P-value

0.01
0.01
0.01
0.01
0.01
0.03

0.03
0.03

0.03
0.03

0.03
0.03

0.03
0.03
0.04

0.04
0.04
0.04

0.05
0.05
0.05
0.05
0.05

66

75

68
65

65
62

59
57
10

53

Odds
Ratio

9%
9
55
18
34
238

143

130

130
119

110
79

79
71
59

49
48
42

36
35
34
32
32

316

279
264

264
250

237
225
40

204

Combine
d Score

781
70
387
120
206
1249

685

611

611
551

501
337

337
296
237

187
179
153

125
121
117
107
107

PARN

B3GALT2
NCBP2

CIRBP
CIRBP

B3GALT2
NCBP2
NCBP2;XRN2

PARN

Genes

XRN2;PARN
HNRNPDL;NCBP2;XRN2;CIRBP; PARN;EIF3E
XRN2;PARN

NCBP2;CIRBP;PARN

CIRBP;PARN

HNRNPDL

B3GALT2
PARN

NCBP2
XRN2

B3GALT2
NCBP2

B3GALT2
PARN
HNRNPDL

XRN2
HNRNPDL
CHORDC1

EIF3E
XRN2
NCBP2
CIRBP
XRN2



A

Outgoing AIR Signaling Patterns & Pattern Pathways B

Endothelium

Figure 2.4: AIR signaling involves crosstalk between stromal and immune cell populations. A)
River plot from filtered CellChat analysis shows outgoing AIR signaling patterns by knee cell populations
and the pathways that comprise each pattern. B) Chord plots showing AIR gene pathways between cell-

types, Flat end of chords indicate the origin of signaling/ligand expression, while the wedge end of

chords indicates cells receiving signaling/receptor expression.
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To determine intracellular signaling patterns in the AIR we used the CellChat tool to analyze the three-
hour single-cell populations. CellChat infers potential cell communications by comparison of ligands and
receptors expressed within a dataset. This analysis was restricted to pathways which included genes
found in the one or four hour AIR gene lists. Outgoing communication patterns for each cell type were
inferred based on expression of ligand-receptor interactions displayed as river plots in Figure 2.4A. The
first pattern of signaling was primarily through //6 and CCL and was found predominately in neutrophils
and other immune cells, including Basophils/Mast cells, B, T, and NK cells. //6 in the joint was expressed
in Synovial Fibroblasts and Basophils/Mast cells and acting upon macrophages and monocytes (Figure
2.4B). CCL signaling was more complex, signaling originated from Synovial Fibroblasts as well as many
Macrophages, Monocytes, and other immune cells and was broadly received across stromal cells, DCs,

monocytes and neutrophils.

The second pattern of outgoing AIR signaling involved the EGF, 1l-1, and Activin pathways, these
pathways predominately originated from stromal cells. EGF ligands were expressed in chondrocytes and
endothelium signaling to other stromal cells DCs and Lyve* Macrophages. We found /133 an II-1 family
cytokine expressed in Synovial Fibroblasts while the receptor St2 (//1r/1) was expressed in Basophil/Mast
Cells. Activin signaling ligands were expressed in Chondrocytes and less activated Neutrophils

(Neutrophil 1) while only chondrocytes expressed receptors.

The third pattern of outgoing signal consisted of the CXCL and Angiopoietin-Like Proteins. These signals

were expressed primarily in stromal cells and were received broadly by immune cells within the joint.
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Table 2.3. Differentially Expressed Genes from Injury by Cluster. LogFC (base 2) of DEGs based on comparison of single cell seq data between

injured knee relative to control knee in one mouse three hours after injury, cluster by cluster analysis. Positive values indicate increased

expression in injured knee. AIR genes identified by bulk sequencing are highlighted by colors representing the first timepoint they appeared

differentially regulated from bulk-seq data.




To determine cell-type specific changes due to injury, cells from the injured and uninjured knees were
compared on a cluster-by-cluster basis to identify DEGs in the three hour scRNA-seq data. When these
genes were then cross-referenced with the AIR genes identified by bulk-seq, the Synovial Fibroblast and
Lyve+ Macrophage clusters contained the most DEGs, both positive and negative. Mt1, Mt2, Fgl2, Sdc4,
Thbd, Tubb6 and Hspa9 were AIR genes upregulated in the injured limbs cells within the Synovial
Fibroblast cluster, while Tsc22d3, Abca8a, Abca8b are downregulated. Mt1 and Mt2 are also
upregulated with injury in the endothelial cluster. In the Lyve+ cluster Mt1, Mt2, Hmox1, Sdc4, Dab2,

Rbpj, and Egr1 are upregulated while Pmepal is downregulated.
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Figure 2.5: AIR Products II-33, Prg4 and Has1 are expressed in the synovium in-vivo. IHC showing
expression of HAS1, PRG4, and IL33 in (A) uninjured, (B) one-hour post injury, and (C) four-hour post
injury in mouse knees. H&E (10x magnification) shows region of the joint and gross histology, IHC
showing selected regions at higher magnification of the AIR genes: HAS1, PRG4, and I1L33. IL33 is
expressed in some synovial intimal lining cells but is prominent in the sublining cells distal from the joint

interior.

To verify expression of AIR genes in-vivo, IHC for IL33, HAS1, and PRG4 was performed on mouse knees
before injury, and one and hour hours post-injury (Figure 2.5). HAS1 and PRG4 were both expressed in
synovial cells, with higher expression in the lining of the synovium. Before injury (Figure 2.5A) IL33 was
primarily localized in sublining fibroblast cells distal to the joint interior, with some cells proximal to the
joint lining expressing IL33. Beginning at one hour after injury (Figure 2.5B) there was a notable increase
in cellularity within the synovium, this increase was even more pronounced at four hours (Figurer 2.5C).
The mass of infiltrating cells did not express IL33, but many did express HAS1 and PRG4 at one and four

hours. Many of these infiltrating cells contained lobular nuclei indicative of neutrophils.

This visualization confirmed the expression of selected AIR genes in-vivo and supports the cluster based

expression profile of synovial fibroblasts determined by scRNA-seq.
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Figure 2.6: Subsets of synovial Intimal fibroblasts identified correlate to larger populations of cells in other scRNA-seq datasets. A.

fibroblasts clusters are isolated from the whole datasets, identified by expression of Collal, Thbs4, Pdgfra and Prg4. B. Within the reclustered

synovial subsets synovial Intimal fibroblasts are identified by expression of Tspan15, Has1, Prg4"", and Col22al.
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To assess a sub-population identified as synovial intimal fibroblasts we analyzed published and publicly
available single-cell databases from murine and human knees for comparison. After selecting clusters
expressing marker genes for fibroblasts, comparable cell populations were identifed in two datasets from
murine knee tisues, and one from human OA synovium. These cells expressed high levels of Prg4,

Col22a1, Tspanl5 and Has1.

DISCUSSION

In this study we provide a new perspective into the acute changes occurring after joint injury. While
previous research has documented global transcriptional changes in animal models after injury, the
timescale of these studies is typically days, weeks, or months[122-127]. To our knowledge this is the first
study that has sequenced knee tissues across the first twenty-four hours after injury, characterizing the

global transcriptional changes constituting the Acute Injury Response in the murine knee.

Utilizing a combination of a non-invasive injury model, whole joint bulk-RNA sequencing and scRNA-seq,
we show that the Acute Injury Response in mouse joints is a dynamic event, beginning with only 54
genes in the first hour and expanding to 311 genes at twenty-four hours. At three hours there was a
diverse response in AIR expression from immune and stromal cells. This work has generated a targetable
list of AIR genes for further investigation, in combination with a snapshot of the cell populations

expressing them within the joint post-injury.

One notable observation within the first hour after injury was the substantial expression of AIR genes in
neutrophils (Figure 2.3A). Examples of these proinflammatory AIR genes include //1b, a major
inflammatory and catabolic cytokine[128], Cxcl2 a potent chemokine and promoter of
osteoclastogenesis[129], and Trem1 which is overexpressed in OA tissues and may promote more
inflammatory apoptosis over autophagy[130-132]. It is well known that neutrophils swiftly migrate to

injury sites and accumulate within minutes of damage[133], the presence of many neutrophil specific
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genes in the one-hour AIR genes is likely explained by the quantity of neutrophils active in the tissue at
that time. Only 3 hours later most of the neutrophil associated genes have gone back to insignificant

levels, although Cxcl2 remains upregulated, likely due to infiltrating monocytes.

A large amount of AIR genes were expressed in synovial fibroblasts (Figure 2.3), the high expression of
Prg4 and Has1 pointed to Synovial Intimal Fibroblasts, and indeed a subcluster of the fibroblasts
expressed the unique fingerprint of Prg4, Has1, Col22al, and Tsnap15 (Figure 2.6) that matches synovial
fibroblasts in other datasets[34, 69, 99]. Given their close vicinity to the synovial fluid and potential
exposure to alarmins and Damage Associated Molecular Patterns (DAMPS) during ACL injury, these cells,
and the synovial fibroblast cluster as a whole display a robust reaction to the injury, as indicated by the

notable expression of multiple AIR genes.

Many AIR genes showed differential expression patters between immune and stromal cells, one example
of this was the metallothionein proteins (Mt1, Mt2 genes). Mt1 has been shown to have a protective
effect against reactive oxidative stress and inflammation, however Mt2 overexpression in the joint
caused increases in many matrix degrading enzymes and promoted PTOA development[134].
Metallothionein expression in the joint was increased from the first hour after injury through twenty-
four hours, however using single scRNA-seq we found expression is split along stromal and immune lines
at three hours. Mt1 was expressed in immune and stromal cells, while Mt2 was expressed in stromal
cells and Lyve™ macrophages. Metallothionein expression and presence has been shown in OA
chondrocytes (Mt2)[135], synovial lining cells of patients with osteoarthritis, rheumatoid arthritis,
ankylosing spondylitis (especially during periods of disease activity[136]), and psoriatic arthritis[137,

138]. Our finding suggest Mt2 is produced within chondrocytes and Cd45 cells within the synovium.

Another AIR gene that had narrow expression within this study was //-33, an Il-1 family pro-inflammatory

cytokine that binds to //1r/1 (ST2), that has been shown to be upregulated at twenty-four hours post
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injury or later [139-141]. Addition of IL-33 to the knee of PTOA model mice has shown an increase in
cartilage damage, synovitis, pain, and osteophyte formation and promoted M1 macrophage
polarization[142, 143]. We identified synovial fibroblast as the primary expressor of //33 at three hours
post-injury (Figure 2.3). IL-33 has a role in other pathologies such as early tendinopathy where it disrupts
homeostatic collagen expression[144]. One study however showed that synovial fibroblast-specific
deletion of //133 decreased synovitis but did not impact disease outcomes, whilst cartilage-specific
deletion of //133 (which expression was not detected in this study), as well as antibodies specific to IL-33

improved disease outcomes in vivo[143].

Looking at crosstalk within the knee through the lens of identified AIR genes identified several major
patterns (Figure 2.4). IL-33 is an IL-1B family cytokine and was expressed in synovial fibroblasts and mast
cells. IL-33 may act on mast cells expressing its’ receptor, ST2 (//1rl1), within the joint which has been
shown to induce many proinflammatory genes and cytokines in mast cells[145], inducing IL-6
production. Interestingly one study found synovial levels of //6 expression to be elevated in end-stage
knee OA relative to knees recently injured[146]. CCL signaling, which promotes monocyte infiltration,
chemotaxis as well as degenerative joint changes[147] Macrophages, synovial fibroblasts, and T/NK cells
expressed CCL pathway ligands acting broadly on monocytes and other cells within the joint to.
Angiopoietin-Like Protein 4 (Angptl4) was highly expressed in stromal cells acting on a wide variety of
stromal and immune cells. Recent work has shown that it exacerbates apoptosis and matrix degradation
in chondrocytes and Angptl4 lentiviral knockdown ameliorates OA development in a DMM mouse
model[148]. Cxcl was highly expressed in stromal cells, as well as some immune cells, acting broadly on

immune cells.

While the AIR genes defined in this paper provide a reasonable assessment of the bulk transcriptional
shifts in the knee in the first twenty-four hours after injury, we acknowledge the limitations of the

scRNA-seq data presented here, as the dataset was from a singular mouse and timepoint. First, gene
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expression is dynamic, especially after injury, and we cannot extrapolate our three-hour post injury data
to other timepoints. Second, this methodology does not necessarily capture enough cells of all cell-types
to fully represent every present cell subset. However, the limited number of cells within this dataset of
certain populations provide meaningful direction for future study and are mappable to larger datasets
that target specific tissues and cell populations. This is evident within the synovial fibroblast cluster,
where a substantial expression of AIR genes, including /133, is observed. This aligns with findings from
other datasets that specifically target synovial cells, further emphasizing the significance of this
observation. Here we identified synovial intimal fibroblasts expressing many AIR genes. These cells are
found in other scRNA-seq datasets (Figure 2.6) some of which specifically targeted the synovium for
digestion and sequencing[34, 99, 149]. This study was able to identify these cells as significant
expressors of AIR genes from the limited population present and provides justification for more targeted
investigation, which have been shown to expand one and four weeks after injury[99]. Third, the stress of
digestion is another concern for the use of single-cell sequencing, especially when dealing with joint
tissues encompassing very soft and sensitive tissues alongside cells embedded in much more resilient

extracellular matrix, the use of a two-stage digest helps reduce this stress response.

Significant injury to a joint may only happen once during a lifetime yet permanently alters the joints
trajectory toward OA. This study has identified the first responses to injury within the knee that lay the
path to PTOA development. We identified several trends in the expression of AIR genes, and the cells
that may be responsible. We found a general trend of early transcription factor expression cascading into
cytokine and chemokine signaling, followed by chemotaxis, cell infiltration and angiogenesis. Immune
and stromal cells expressed different outgoing AIR signals after injury, with many AIR pathways
potentially originating from stromal cells. Identifying the early pathways and cell populations involved in

the acute injury response provides targets for further study or potential intervention.
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ABSTRACT

Post-traumatic osteoarthritis (PTOA) of the knee is a disease characterized by articular cartilage injury
caused by trauma to joint. The etiology and pathogenesis of PTOA have not been fully elucidated,
highlighting the need to for animal models to better define its pathological mechanism and develop
effective diagnostic and treatment strategies. The knee joint of sheep displays kinematics similar to that
of a human knee, making it a suitable model of PTOA. Several surgical models for the induction of PTOA
in sheep have been developed, and each technique has its advantages and limitations. This review draws
on published literature to summarize sheep PTOA surgical models, their prior use, and discuss their
strengths. This will provide a reference for the most appropriate surgical models of PTOA in this species.
The surgical methods we review include transection (ACL-T), partial ACL transection (p-ACL-T), ACL
transection and subsequent repair (ACL-R), meniscectomy, partial meniscectomy, modified Hulth

method, and the chondral defect method.

Keywords: Surgical model; Post-traumatic osteoarthritis; Sheep; Animal models, osteoarthritis, large

animal models

INTRODUCTION

Post-traumatic osteoarthritis (PTOA) is a common type of osteoarthritis (OA) initiated by trauma to the
knee joint tissues[150, 151]. Prior research has highlighted the complex disease mechanisms, irreversible
progression, and current lack of clinical treatment options of PTOA[76, 152]. With the gradually
increasing incidence of knee OA, the average annual medical expenditure aimed at diagnosis and
treatment in the United States is approximately $265.4 billion [153]. The high morbidity and medical
burden associated with knee OA — along with the current gap in understanding the disease pathogenesis
— highlight the need for further study. Due to obvious ethical limitations, traumatic invasive biological

and biomechanical analysis of PTOA are restricted in humans [154]. The establishment of animal models
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remains the preferred method for studying PTOA pathology and treatment development. The ideal
animal model should be able to simulate and mimic the pathophysiological process of PTOA and allow
for the investigation of its mechanical mechanism and biochemistry under controlled conditions. Many
species, both small and large, have been used to develop PTOA models. In this review we will discuss

sheep as a surgical animal model for PTOA.

Species used for small animal models include mice, rats, rabbits, and guinea pigs. While species used for
large animal models include dogs, pigs, mini pigs, goats, sheep, horses and nonhuman primates.
Compared with large animal models, small animals mature faster, are less expensive, and are easier to
manipulate. However, due to the differences in anatomy, biomechanics, and physiology between small
animals and humans, the results obtained from small animal research during drug development may not
consistently translate to humans with equal effectiveness[155]. Compared to small animal models, large
animal models have the advantages of similar anatomical structure and biomechanics to humans; the
ability to simulate human injury conditions and more readily available tissue for analysis [156]. However,
ethical concerns and higher costs associated with the use of large animals has limited their widespread

use as models of PTOA.

Sheep provide an excellent large animal model since human and sheep knees share a similar kinematic
pattern [157] and anatomical size [158]. Primary similarities include the surface area and thickness of
articular cartilage along with the firmness of subchondral bone [159]. Relative to other large animal
models, sheep are easy to handle, like to live in groups, are easy to raise, and can be purchased in large
numbers. Further, representative samples of the synovial membrane, cartilage, subchondral bone, and
synovial joint fluid are plentiful and easy to harvest. Induction of PTOA in this species can be performed
through minimally invasive arthroscopic techniques [160]. Therefore, the sheep model can simulate the
kinematic characteristics of human knee joint[161, 162] and it has been widely used to study human

PTOA disease[163, 164].
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Among animal induced PTOA models, a variety of surgical methods to study PTOA and joint recovery
have been established (Table 3.1, Figure 3.1). The main purpose of this review is to describe the
pathophysiologic features, general severity, and time-course of PTOA observed with the different
methods for inducing PTOA in a sheep model of knee OA. This information can subsequently be used by

investigators to select the most appropriate model and tailor it to their individual needs.
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Table 3.1. Overview of Ovine surgical models of PTOA

Methods Specific Operation Timeframe of Observed Results
ACL-T Complete ACL transection ® 2-4 weeks: Degeneration of cartilage, onset of
OA[165]

® 8 weeks: early OA manifestations[166]

p-ACL-T Partial ACL transection ® 20 weeks: osteophyte formation, cartilage
damage[167]
® 40 weeks: obvious gross and histological
damage[168]
ACL-R Complete ACL transection, ® 2 weeks: Significant inflammation with return to

baseline levels 20 weeks[169]

followed by reconstruction
® 20 weeks: early PTOA [169, 170]

Meniscectomy Complete removal of the ® 3 months: cartilage surface fibrillated and

osteophyte formation[171];
medial or lateral meniscus
® 6 months: local articular cartilage

degeneration[172]

Partial meniscectomy Partial defect in meniscus ® 6 months: visible cartilage damage [173, 174]
Modified Hulth 1. ACL-T with ® 12 weeks: cartilage defect formation[175];
methods meniscectomy
2. ACL-T with MCL-T ® 20 weeks: cartilage surface fibrillation, rupture,

and small cartilage loss[176, 177]

Chondral Defects Direct induction of ® 2-3 months: Irregular chondral organization, tide

line broken, and cartilage matrix lost Col-Il [178].
method cartilage damage
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Figure 3.1: Visual overview of surgical sites in selected Ovine PTOA models. Highlighted areas and

lines indicate surgical locations targeted in each PTOA Model.

SURGICAL METHODS

1. ACL-T

Anterior cruciate ligament transection (ACL-T) is a low complexity surgical method for inducing PTOA in

animal models. ACL-T can be used to surgically simulate traumatic ACL rupture that can occur via injury.
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This results in joint instability and weight bearing concentration, which causes cartilage damage in the

areas of this concentration, and finally leads to PTOA [78, 179].

M. Atarod et al. found that in the sheep ACL-T model, proteoglycan-4 concentration was significantly
increased two to four weeks after modeling, while hyaluronic acid (HA) concentration was significantly
reduced, and the molecular weight distribution of HA also shifted to a lower — more fragmented — range.
Due to changes in the composition of the synovial fluid and reduction of cartilage boundary lubricant,
degenerative changes in the articular cartilage develop. Consequently OA may begin in two to four
weeks after ACL-T [165]. In another study, J. Moya-Angeler demonstrated that the knee joint begins to
show osteophyte formation and cartilage lesions within the femoro-tibial joint at week eight post ACL-T
in sheep, a manifestation of early OA[166]. It is of note that in the interval between induction of PTOA
using ACL-T and twenty weeks post induction, some abnormal movements of the knee joint were
increased which is indicative of progressive joint instability. In the ACL-T model, the most obvious
changes in kinematics are an increase in anterior and posterior translation of the tibia. Also noticed
were slight increases in internal and external rotation, as well as abduction and adduction of the

joint[180].

The ACL-T method results in a rapid, stable, and repeatable sheep PTOA model inducing synovial and
bone changes similar to that seen in humans [181]. This model can be used to study the changes of
cartilage and synovial fluid associated with early OA, as well as the changes associated with menisci
[182], collateral ligaments and posterior cruciate ligament (PCL) load after ACL-T [183]. Overall, this

model is reliable, surgically accessible, and generates PTOA degeneration within four to eight weeks.

2. Partial anterior cruciate ligament transection (p-ACL-T)

Anatomically, the ACL has two functional regions: the anterior medial bundle (AMB) and posterior-lateral

bundle (PLB)[184], shown in Figure 1. These two components counteract, but complement one another
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functionally, and each bundle is under tension under opposite circumstances. The PLB is tense when the
knee is extended, and AMB is tense when the knee is flexed, and these differences reflect the anatomical
basis of ACL partial rupture[185]. P-ACL rupture of AMB or PLB is common and accounts for about 10%

to 28% of all ACL injuries[186].

Surgically, this injury can be simulated by a partial transection of the ACL. This compromises the integrity
of the joint, resulting in instability, and leads to PTOA. M. Shekarforoush et al. reported that cartilage
damage and osteophyte formation have been found after p-ACL(AMB) rupture at forty weeks[167]. I.
Barton established a sheep model of p-ACL-T and found that although the progress of PTOA was not
obvious at twenty weeks, compared with the control group, osteophytes had begun to develop and the
articular cartilage had begun to degenerate. At fourty weeks, p-ACL-T had obvious gross and histological

lesions, and these abnormalities gradually increased over time[168].

Compared to the ACL-T model, the p-ACL-T model induces a similar disease outcomes and joint
degeneration, however it involves a longer time course with slower disease progression measured in
months versus days or weeks. This milder model may more accurately simulate the longer disease
progression in humans. Therefore, this may be a suitable model for investigators who want to study the

development and progression of PTOA over a longer time-period.

3.ACL reconstruction (ACL-R)

It is widely accepted that mechanical joint instability can cause PTOA in both human[187] and
animal[169] models. ACL-R is the gold standard for treating patients with ACL rupture, and the purpose
of surgery is to restore the stability of the knee joint[188]. In the United States, it is estimated that as
many as 200,000 patients undergo ACL-R surgery each year[189]. Repair techniques include: Single-
bundle reconstruction[190], double-bundle reconstruction[191] among others [192]. Surgical

reconstructions generally succeed in restoring the mechanical stability of the joint, but most patients
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with ACL-R will eventually develop PTOA [193-199], possibly caused by trauma induced inflammation
and catabolism [200, 201]. Due to the prevalence of ACL-R in clinical practice and the ultimate
development of PTOA, ACL-R studies are included in this review alongside dedicated PTOA induction

models.

Modeling the progression of PTOA in the reconstructed joint allows study of underlying pathologies
combined with the ability to test possible interventions. Using sheep, J. Heard et al. found that after ACL-
R surgery in sheep, there was no significant progress in joint damage assessed by the average
morphological score from two to twenty weeks after surgery. However, beginning two weeks after
surgery, mRNA expression of inflammatory and catabolic molecules was significantly increased in
synovium and cartilage. By twenty weeks, these inflammatory and catabolic molecules returned to
normal levels[169]. ACL-R model have developed morphological manifestations of early PTOA after
twenty weeks [169, 170]. To test a potential treatment, A. T. Hexter et al. used an ACL-R model for the
assessment of decellularized porcine derived xenografts while comparing two surgical methods of
fixation for ACL reconstruction. Gait analysis, range of motion (ROM) assessment and histology after
twelve weeks showed successful remodeling of xenografted tissues and a return of biomechanical

function as determined by ground force reaction[202].

The ACL-R model may be most useful for studying the inflammatory factors and early catabolic
mechanisms, pathogenesis, and ultimately the effects of interventions on the development of PTOA,
especially in the absence of mechanical instability. Finally, this model is valuable as it is highly applicable

to the current clinical treatment of ACL injuries in humans.

4. Complete meniscectomy

Meniscal injury is one of the most frequently occurring injuries affecting human athletes[203, 204]. One

recognized treatment for meniscal injuries is meniscectomy. However, meniscectomy can increase the
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risk of knee OA by approximately sixfold [205, 206]. Nonetheless, in the United States, more than
350,000 patients over the age of thirty-five undergo meniscectomy each year[207] largely because — if

the primary meniscal injury is left untreated — it will lead to more serious consequences[208].

Sheep meniscectomy can reliably induce local cartilage, bone, and synovial disorders, which is very
similar to human PTOA secondary to meniscectomy[164, 209]. A. Young, established a model of PTOA
by performing a complete lateral meniscectomy on sheep and found that three months after surgery,
cartilage surface fibrillation, and osteophytosis was observed on histologic and gross morphologic
examination[210]. These findings are consistent with the development of early OA. R.C. Appleyard
established a model of bilateral lateral meniscectomy in sheep and found that three months after
meniscectomy, there was increased fibrosis, and within the articular cartilage: increased thickness and
loss of proteoglycan indicative of hypertrophy[172]. These are typical pathological indicators of early
OA[171]. In another experiment using a model of lateral meniscectomy in sheep, significant local
articular cartilage degeneration and compensatory changes occurred across the lateral femorotibial
compartment six months after the induction of PTOA[172]. Lubis et al used a lateral meniscectomy
model to induce OA to assess injectable treatments[211], four weeks post injury knees showed signs of

early OA radiologically before treatment.

Meniscectomy provides an effective model of PTOA particularly in modeling PTOA stemming from
meniscal injury. This model reliably recreates early structural degradation and tissue level damage in the

one to four month time-span following surgery.

5. Partial meniscectomy

A partial meniscectomy is another treatment option available following meniscal injury. However, similar
to ACL-R, long-term cartilage protection has not been achieved using this treatment method, and it has

been of limited value in clinical practice [212].
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Due to the homology of the menisci, as well as viscoelastic similarities [213, 214], partial meniscectomy
in sheep provides a useful simulation of human knee joint changes after partial meniscectomy. K.
Gruchenberg, et al. compared the traditional treatment of partial medial meniscectomy to newer
surgical scaffolds observed over three to six months. They found significant cartilage damage occurred in
the partial meniscectomy group relative to sham and scaffold treated knees [173, 174]. A. Gigout
applied medial meniscus transection in sheep to study the effects of a modified growth factor treatment
in a PTOA model [215]. Treated animals exhibited minor improvement on weightbearing in the fourteen
weeks following injury, with improved gross morphology. D.G. Cojocaru, used a partial medial
meniscectomy model in sheep to evaluate meniscal transplantation and found the meniscus had

collagen type I-rich repair tissue formation in the transplanted group 6 months after surgery[214, 216].

The partial meniscectomy PTOA model is suited for investigation into meniscal injury and allows for
further study of meniscus transplantation on articular cartilage as well as additional factors that may
influence meniscus healing. This model requires a longer time-span of several months to study post-

surgical changes and for the longer-term assessment of surgical repair methods.

6. Hulth method (Modified)

The traditional Hulth method is a classic option for the surgical modeling of PTOA. Consisting of the
removal of the ACL, PCL, medial collateral ligament (MCL), and the medial meniscus by surgery, it causes
extreme instability of the joint causing acute severe synovial inflammation, resulting in rapid destruction
of cartilage and subchondral bone. Although severe and rapid, the overall degenerative process is similar
to that of the previously described models of PTOA, so this method has been widely used in rabbits[217]
and mice[218]. However, due to the extreme trauma it causes with a high risk of infection, it is not

appropriate for a sheep model of PTOA. In sheep, modifications are made to lessen invasiveness. This

89



modified version involves removal of the ACL with disruption of either the medial meniscus or MCL and

has been widely used in sheep models of PTOA.

Modified Hulth: ACL-T and complete medial meniscectomy (CMM)

The first modification of the Hulth method involves the combination of ACL-T and a complete medial

meniscectomy.

One study incorporated this method in combination with exercise programs of walking 100 meters per
day at weeks four and six [219]. In the control group, osteophytes had developed in the anterior area of
the medial tibial plateau, indicative of early OA[219, 220]. Al Fageh, H. et al. also used the ACL-T and
CMM model in sheep — at six weeks post-surgery — they found cartilage defects in the weight bearing
regions of the medial tibial plateau and medial femoral condyle indicated the development of PTOA in

the control group [175].

The ACL-T and CMM surgical model is useful to study the pathogenesis of PTOA, especially to observe
whether a treatment can prevent cartilage damage or induce cartilage regeneration. Due to multiple
surgical sites and disruptions, this is a faster model for PTOA development in the one to two month

range.

Modified Hulth: ACL / MCL transection

Another, less severe, version of the Hulth method consists of combined ACL and MCL transection
(ACL/MCL Tx). Frank CB used this method to induce a sheep PTOA model and found abnormal
movement, cartilage surface fibrillation/fragmentation, and cartilage loss twenty weeks post-injury
[221]. Also, at twenty weeks post ACL/MCL Tx, Tapper JE et al. observed cartilage degeneration, early

evidence of cartilage surface destruction, osteophyte formation, and chondrocyte hyperplasia. The most

90



affected areas were the femoral groove, anterior medial and lateral tibial, patella and femoral surfaces,

with OARSI scores increasing by approximately 50-70% [176, 177].

ACL / MCL transection is simpler and less invasive than the traditional Hulth method, and it results in a
certain degree of knee stability being maintained. This is a slower model relative to ACL-T and CMM.
Therefore, it is a suitable model for studying possible pathogenesis, structural outcomes, and potential

interventions for moderately severe PTOA.

7. Chondral and osteochondral defect methods

Chondral or osteochondral defects methods involve articular cartilage being directly damaged surgically,
resulting in the development of OA without joint destabilization. Since the damage is directly induced at
a targeted location, this model is often used to evaluate the efficacy of cartilage repair strategies on focal

defects, but the affected knee also does develop PTOA given time.

Marcio de Oliveira Carneiro as well as Kitamura, N.et al tested repair options using six to eight mm
osteochondral defects. Twelve weeks after surgery control limbs showed cartilage erosion adjacent to
the surgical site [222] and general cartilage degeneration [223]. Two months after induction of a six mm
osteochondral defect, Manunta, A. F. histologically observed irregular chondrocytes organization, broken
cell tide lines, and a loss of proteoglycans in articular cartilage [178]. M Schinhan created seven mm
defects in cartilage on the weightbearing area of the medial femoral condyle, and the sheep performed a
weightbearing regimen for twelve weeks to allow PTOA development after which they were operated on
with or without treatment [224]. At four months and one year post injury the untreated sheep had
developed severe cartilaginous damage histologically. This model is also frequently employed with more
severe osteochondral defects to assess treatments of regenerating cartilage, but that is outside the

scope of this review.
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Chondral defect induced cartilage degeneration mimics human conditions and can simulate cartilage
damage in different anatomical sites within the human knee. Superficial cartilage defects allow for a
longer-term study of cartilage pathology and progression of degradation, while more critical defects are
best suited for assessment of cartilage regenerative and repair methods. The chondral defect model is
one of the most effective models for observing the early pathologic cartilage manifestations and
evaluating treatment efficacy for cases of PTOA. This is a suitable model for observing the slower
manifestations of OA, the protective or reparative effects of drugs and engineered constructs on

cartilage when a more severe osteochondral defect is induced [225, 226].

Arthrotomy versus Arthroscopy

At present, the main surgical methods for inducing PTOA in sheep include arthroscopy and arthrotomy.
In clinical human medicine, arthroscopic surgery is typical for the diagnosis and treatment joint diseases
[227], this has the advantages of less trauma, faster recovery, and less bleeding than arthrotomy [228,
229]. However, at present, there is no clear evidence that arthroscopic surgery is better than arthrotomy
in establishing a PTOA model for sheep. Previous studies have shown that pure arthrotomy has no
relation to the occurrence and development of PTOA [169, 221]. No morphological differences were
found between the arthrotomy surgical and non-surgical joints [230]. Therefore, both arthroscopy and

arthrotomy are valid techniques for establishing a sheep PTOA model.

Table 3.2. Characteristics of surgical PTOA models in sheep
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CONCLUSIONS

Deciding on the proper model of PTOA is vital to ensure appropriate severity, outcomes and pathology
for each induvial study and surgeon. The relative advantages (along with disadvantages) of the
previously discussed four models are summarized in Table 2 along with. Overall, ACL-based models
provide the advantages of simpler surgeries, easier reproducibility, and close similarity to human PTOA
progression given ACL trauma or removal. Meniscal-based models were found to be less traumatic to the
overall joint but involve a more complex surgical setup. It is important to note that sheep will
immediately bear weight on the knee after surgery, which means these models may not represent
human injury as accurately. The modified Hulth methods represent more severe multi-trauma injuries;
however, this model creates an extremely potent response, which may make observing biochemical and
cytokine changes in the joint difficult to observe. As such this model may be better suited for
biomechanical or structural level studies. Chondral defect models allow longer term study of
inflammatory development of PTOA; however, this model takes longer to develop into wider OA and may

not represent larger injuries well within shorter study timelines.

There are several commonly used methods for surgically establishing a PTOA model in sheep. The ovine
model can simulate most of the histopathological, and biomechanical features of human PTOA. Choice of
model should be informed by the goals of the study, resources, and skill available. Considerations
specific to the mode of action of the intervention strategy should be evaluated to most align the

outcomes with the progression of the PTOA model.
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ABSTRACT

Objective:

To establish the pharmacokinetics of the cyclin-dependent kinase-9 (CDK9) inhibitor flavopiridol in
equine middle carpal joints, using an extended-release poly lactic-co-glycolic acid (PLGA) microparticle

formulation.

Study Design:

A 6-week longitudinal pharmacokinetic study was conducted in two phases (6 weeks each) in 4 healthy

horses.

Animals:

Four healthy horses without evidence of forelimb lameness.

Methods:

PLGA microparticles containing 122ug flavopiridol in 3ml saline were administered by intra-articular
injection into one middle carpal joint, with empty PLGA microparticles injected into the contralateral
joint as a control. Synovial fluid and plasma were collected at timepoints out to 6 weeks, and drug
concentration in synovial fluid and plasma were determined using validated protocols. Additionally,
synovial fluid total protein (TP), total nucleated cell count (TNCC) and differential, CBC, serum

biochemistry and lameness exams performed at each of these timepoints.

Results:

Synovial fluid flavopiridol averaged 19nMol at week 1, gradually reduced to 1.4nMol by 4 weeks, and
was generally below the detection limit at 5 and 6 weeks. There was no detectable flavopiridol in the

plasma samples, and no adverse effects were observed at any timepoint.
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Conclusion:

Intra-articular injection of PLGA microparticle-encapsulated flavopiridol was well tolerated in horses,
with detectable levels of flavopiridol in the synovial fluid out to 4 weeks and negligible systemic

exposure.

Clinical Significance:

Flavopiridol is a CDK-9 inhibitor with potent anti-inflammatory and analgesic activity. The extended
release microparticle formulation promotes intra-articular retention of the drug and it may be an

alternative to other intra-articular medications for treatment of joint disease.

INTRODUCTION

Joint disease leading to osteoarthritis (OA) is a common clinical problem in the horse.[250, 251] Surveys
estimate that up to 60% of lameness is related to OA.[251, 252] Despite advances in the treatment and
rehabilitation of horses with joint injuries, damage to the articular cartilage often results in the
development of OA.[253] The subsequent lameness becomes limiting to a horse’s long-term soundness
and return to athletic performance. Inflammation and pain are common features of OA, and therapeutic
interventions typically include anti-inflammatory treatments such as administration of intra-articular (l1A)
medications. While a variety of IA therapies are available including biologic products (autologous
conditioned serum, platelet rich plasma, stem cells) polyacrylamide hydrogels, hyaluronic acid and
polysulfated glycosaminoglycans among others, injection of corticosteroids remains the most commonly
employed IA treatment.[254, 255] However, use of IA corticosteroids such as triamcinolone acetate and
methylprednisolone acetate have been shown to have detrimental effects in addition to their potent
anti-inflammatory activity. IA corticosteroid use in horses has been associated with the development of
laminitis, joint flares, and loss of articular cartilage volume among other negative consequences,

particularly with repeated administration.[256] Due to the adverse effects OA can have on the individual
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horse, and the overarching negative impact OA has on the equine industry as a whole, there is an
ongoing clinical need to develop new therapeutic strategies aimed at the prevention and treatment of

OA.

Recent research demonstrates the role of cyclin-dependent kinase-9 (CDK9) in the development of OA
following joint injury[87, 257-259]. CDK9 is a rate-limiting step for the transcriptional elongation of
primary response genes[260-263] that include many inflammatory genes and mediators of pathways
involved in OA pathogenesis.[87, 257, 258, 264] Pharmacological inhibition of CDK9 protected against
the catabolic effects of pro-inflammatory cytokines in-vitro,[259] and prevented mechanical injury-
induced inflammatory cytokine production, apoptosis, and the subsequent degradation of cartilage
matrix in bovine explant cultures.[258] Pharmacological inhibition of CDK9 also reduced the severity of

post-traumatic osteoarthritis (PTOA) in a mouse ACL rupture model of PTOA.[87, 257]

A number of small-molecule CDK9 inhibitors are being developed that either inhibit its kinase activity or
target the protein for degradation.[265] The CDK9 inhibitors are primarily being developed for use as
chemotherapeutics to target CDK9 in certain malignancies,[266] with the best-studied CDK9 inhibitor
being flavopiridol (alvocidib). Flavopiridol is a semi-synthetic small-molecule CDK9 inhibitor that has
been evaluated in 67 clinical trials currently listed on clinicaltrials.gov.[266-268] Most of the clinical trials
using flavopiridol target CDK9 in the context of leukemia, which requires systemic intravenous
administration of flavopiridol at high doses. These systemic studies determined that the maximum
tolerated flavopiridol dose in humans and dogs is approximately 50mg/m2/day.[269, 270] Studies in rats
suggest that flavopiridol is metabolized by glucuronidation in the liver and excreted in the bile,[271] and

has a plasma elimination half-life of about 2 hours.[270]

In the diarthrodial joint, the synovial membrane provides a relatively impermeable barrier to the IA

environment. This results in IA administration of medications being the preferred route of delivery to
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achieve therapeutic concentrations. Additionally, IA delivery of medications allows for local therapeutic
concentrations with low systemic burdens. However, small-molecule drugs such as corticosteroids
diffuse out of the IA environment rapidly, limiting their duration of activity.[272] Newer generation IA
small-molecule therapeutics are formulated using extended-release drug delivery strategies. Drug
encapsulation in polylactic-co-glycolic acid (PLGA) is one of the most common approaches, as it serves to
extend the duration of drug release as the PLGA is resorbed, and the PLGA particle size helps retain the

drug within the joint space.[273]

The aim of this study was to establish the tolerability and pharmacokinetics of a sustained-release PLGA
formulation of flavopiridol administered by IA injection into equine middle carpal joints. We
hypothesized that IA administration of a therapeutic concentration of flavopiridol would result in
detectable levels of flavopiridol in the synovial fluid, with minimal systemic exposure as measured by
plasma flavopiridol levels. Further, we hypothesized that IA flavopiridol would result in no difference in

lameness, joint effusion, swelling or synovial fluid parameters compared to administration of a placebo.

MATERIALS AND METHODS

Study Design

For phase 1 of the study, flavopiridol-PLGA microparticles, or blank-PLGA microparticles, were injected
into the left and right middle carpal joints of four healthy horses. Synovial fluid was collected at weeks 0,
2, 4, and 6, with weekly plasma collections and lameness assessments. After a 5-week washout period,
phase 2 of the study was conducted in a similar fashion to phase 1, however, the opposite joint received
Flavopiridol-PLGA and the contralateral joint received blank-PLGA, and synovial fluid collection was

performed at weeks 0, 1, 3, and 5.
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Study Design Overview

Formulation Animals Outcomes

4 healthy horses (1M, 3F)
aged 8-11 years
weight 510-753 kg

Safety
-Lameness, swelling, effusion, radiographs
-Cytology labs on synovial fluid and plasma

Flavo-PLGA Microparticles (11mg) with
Cdk9 Inhibitor Flavopiridol (122ug)
resuspended in 3ml Saline

~-OR- Pharmacokinetics

Blank-PLGA Microparticles (11mg) [ X ] -Flavopiridol concentration in synovial fluid
resuspended in 3ml Saline and plasma

Timeline
Phase 1 Phase 2
4- hi
Inject Week1 Week2 Week3 Week4 Week5 Week6 Week Washout Inject Week1 Week?2 Week3 Week4 Week5 Week6
Right Blank SF + SF + SF + Right Flavo| SF + SF + SF +
Pl Pl Pl Pl Pl Pl
Left Flavo asma Plasma asima Plasma =sina Plasma Left Blank | Plasma == Plasma asne Plasma e

Figure 4.1: Study Design Overview PLGA MicroparticlesThe formulation, manufacture, and initial
characterization of the PLGA microparticles was outsourced to Phosphorex, Inc (Hopkinton, MA). At
Phosphorex, the microparticles were filled as a suspension into glass vials under sterile conditions, then
lyophilized and sealed. Each vial contained 122ug flavopiridol in a total of 11.29mg PLGA microparticles.
The average particle size was 16.0 +/- 8.4 microns. Sterility and endotoxin testing were performed by
Cambrex (East Rutherford, NJ) using industry-standard tests. The total bioburden was <12 CFU/SIP, and
endotoxin levels were <0.05EU/ml. In-vitro release studies performed by Phosphorex indicated linear
flavopiridol release out to 4 weeks, corresponding to approximately 4ug/day. Preparation of blank PLGA
microparticles was the same but without the incorporation of flavopiridol into the microparticles. At the
time of IA administration, 3ml sterile saline was added to each glass vial, which was then partially
immersed in an ultrasonic cleaner bath (Model FS20 Fisher Scientific, Pittsburgh, PA) for 3-5 minutes to

resuspend the particles fully.

Equine Inclusion Criteria
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Four horses were selected from the teaching herd maintained by the UC Davis Center for Equine Health,
and all procedures were approved by the Institutional Animal Care and Use Committee. All horses had
physical and lameness examination performed by one author (SAK) prior to enrollment in the study.
Static lameness examination included palpation and manipulation of the forelimbs with special attention
paid to the carpi. Dynamic lameness examination included observation of the horses at the trotin a
straight line and on a circle in both directions. Following initial observation, upper and lower forelimb
flexions were performed. All horses were deemed to be free of forelimb lameness arising from the carpi
and bilateral carpal radiographs were performed prior to inclusion in the study. Dorsopalmar,
lateromedial, dorsolateral-palmaromedial, dorsomedial-palmarolateral and flexed lateromedial
projections were obtained with no appreciable pathologic changes observed. Follow-up carpal
radiographs were obtained 4 and 14 months after completion of the study. Animals were housed on dry

lots with water and food ad libitum for the duration of the study.

Primary Cell Isolation and Culture

Primary equine chondrocytes and synoviocytes were isolated ex-vivo from animals that died of unrelated
ailments (n=3 horses). Chondrocytes were digested from minced equine cartilage from the stifle joint in
Trypsin-EDTA (0.25%, Gibco) for 20 minutes at 37°c, followed by an overnight digestion in collagenase IV
on a shaker at 37°c (2mg/mL, Worthington Biochemical), in DMEM containing 5% FBS, cells were then
washed, pelleted, and strained via 70um cell strainer. Synoviocytes were enzymatically isolated from
minced equine synovium first by Trypsin-EDTA (0.25%, Gibco) for 30 minutes at 37°c, followed by a two-
hour digestion using Collagenase P (0.1%, Sigma-Aldrich) in DMEM with 10% FBS, cells were then
washed, pelleted, and strained via 70um cell strainer[274]. All cells were cultured in DMEM containing

10% FBS. All assays were performed within two to three passages.

In-vitro Bioactivity and Toxicity
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Primary equine chondrocytes or synoviocytes (n=3 donors) were seeded in 96-well plates at 40-50%
confluency by cell growth surface area. After overnight incubation, cells were treated with recombinant
equine IL-1b (10 ng/ml, R&D Systems), in the presence of increasing concentration of flavopiridol (5
mg/ml stock dissolved in DMSO, diluted in growth media, Santa Cruz Biotech) for 3 hours. Cells were
then washed with cold PBS and directly lyzed in wells to generate cDNA using the Cells-to-CT kit
(Invitrogen) following the manufacturer’s protocol. Expression of /16 and 18s was quantified by gPCR in
triplicates using the QuantStudio 6 instrument (Applied Biosystems) with custom made FAM probes
against the equine /16 gene (Integrated DNA Technologies) and probes against eukaryotic 18s (Applied

27%2% method and normalized to 18S.

Biosystems). Fold-change in I/6 expression was calculated by the
Bioactivity of flavopiridol was calculated as the percentage of //6 expression in drug treated samples

relative to untreated control. //6 probes (Forward primer: CACAACAACTCACCTCATCCT, Reverse primer:

GAGGAAGGAATGCCCATGAA, FAM Probe: TCGAAGCCTTGAGGATTTCCTGCA).

Cytotoxicity was determined by quantifying the release of the mitochondrial enzyme (LDH) after 24 and
48 hours of drug exposure, measured in triplicates using the CyQuant cytotoxicity kit (Thermo Fisher).
Chondrocytes or synoviocytes were seeded in 96-well plates at 40-50% confluency in triplicate wells.
After overnight incubation, cells were treated with increasing concentration of flavopiridol for 24 or 48
hours. The levels of the mitochondrial enzyme LDH in the media were then measured using the CyQuant

cytotoxicity kit (Thermo Fisher) according to the manufacturer’s protocol.

Outlier analysis was performed on sequencing data using the Inter Quartile Range method and one
bioactivity datapoint (One horse at one flavopiridol concentration) was excluded for exceeding Q3 + 1.5
IQR. To test for significant differences in cytotoxicity and bioactivity between equine chondrocytes and
synoviocytes a Benjamini-Hochberg adjusted, 2 tailed, paired t-test was used at each concentration of

flavopiridol.
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Intra-articular Injection and Arthrocentesis

Each horse was sedated with 3-5mg Detomidine hydrochloride (Zoetis, Parsippany, NJ) administered
intravenously and appropriately restrained. The dorsal aspect of each carpus underwent aseptic
preparation centered over the middle carpal joint using betadine and isopropyl alcohol. Arthrocentesis
was performed using a 21-gauge needle, and approximately 3mL of synovial fluid was collected for
cytologic analysis. Without removing the needle, either 3.0mL of saline containing PLGA-flavopiridol
microparticles, or 3.0ml of saline containing blank-PLGA microparticles was injected into the joint. All
injections and all subsequent synovial fluid collections analyses were performed by one author (SAK)
who was blinded to which joint (left or right) received the flavopiridol or blank microparticles. For phase
1 of the study, bilateral middle carpal joint arthrocentesis was performed at weeks 0, 2, 4, and 6. For
phase 2, arthrocentesis was performed on weeks 0, 1, 3, and 5. The joint receiving flavopiridol
microparticles in phase 1 received blank microparticles in phase 2, and vice-versa, and there was a 5-

week washout period between phases 1 and 2 (Figure 4.1).

Plasma Pharmacokinetics

Plasma was collected weekly for both phase 1 and 2. For full plasma pharmacokinetics analysis, in phase

2 we collected plasma at 30-min, 1-hr, 2-hr, 4-hr, 8-hr, 24-hr, 2-day, 3-day, 4-day, and 5-day timepoints.

Lameness Grading

At each timepoint and prior to arthrocentesis, each horse was observed, and video recorded while
walking and trotting in a straight line. 12 months after completion of data collection, the videos were
randomized and independently evaluated by 3 equine veterinarians (SAK, MPN, MDH) experienced in
lameness evaluation. Lameness was graded using the 5-point scale described by the American

Association of Equine Practitioners.[275] In addition, range of motion was assessed weekly, and carpi
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were examined for signs of periarticular swelling, effusion, or other signs of discomfort upon palpation

or manipulation.

Flavopiridol Quantification in Plasma and Synovial Fluid

Flavopiridol was quantified in dipotassium-EDTA plasma and synovial fluid using LC-MS/MS with
validated methods on a Waters Acquity I-Class UPLC and Xevo TQ-S Mass Spectrometer IVD system
(Waters, Milford, MA). The lower limit of quantification in plasma and synovial fluid were 500pg/ml|
(1.25nM) and 50pg/ml (0.125nM), respectively, and both assays were linear to 1000ng/ml. For
comparison, flavopiridol is typically active at 10-300nM concentrations. Additionally, CBC and serum
biochemistry as well as routine synovial fluid analysis including TP, TNCC and TNCC differential, were

performed at each timepoint.

Statistical Analysis and Blinding

A Huber robust outlier test was performed on all outcome measurements.[276] To determine which
experimental factors had a significant effect on pharmacokinetic properties, multivariable linear
regression modeling was performed using multiple independent variables (drug formulation, post-
injection time point, animal, experimental phase, and side of injected leg) against each single dependent
outcome measurement. All data is reported as mean # standard deviation. To evaluate flavopiridol
concentration in the synovial fluid and synovial fluid cytology over time, matched-pair t-test with Tukey’s
post-hoc analysis was performed at each time point with significant differences (p < 0.05) indicated by an

asterisk. All statistics were performed using JIMP v15 (SAS, Cary, NC).

RESULTS

Four mature horses aged 8-11 years with weights ranging from 500-700 kg were enrolled in the study.

There were three geldings and one mare, and breeds included three Warmbloods and one Lusitano. A
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target therapeutic concentration of 20-100nM (0.8-40 ng/ml) flavopiridol was estimated from the in-

vitro bioactivity and toxicity analyses (Figure 4.2).

Bioactivity assay indicated that flavopiridol inhibited II-6 expression at a EC50 of approximately 20 and 30
nM in IL-1B-treated chondrocytes and synoviocytes, respectively. Moreover, at concentrations of 100 nM
or above, flavopiridol completely suppressed IlI-6 expression (Figure 4.2). In contrast, cytotoxicity was not
detected across all samples, even at 300 mM of flavopiridol, which is 4 orders of magnitude greater than
the EC50. No significant differences were detected in cytotoxicity or bioactivity between chondrocytes

and synoviocytes.

Based on the linear 4-week in-vitro release profile of our flavopiridol-PLGA microparticle formulation, we

decided on an initial dose of 11mg microparticles containing 120ug of flavopiridol for the study.

Bioactivity and Cytotoxicity
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Figure 4.2: Flavopiridol has no detectable toxicity at therapeutic doses. Bioactivity was
determined by the ability of flavopiridol to inhibit inflammatory stimuli (IL-1b). Toxicity was determined

by quantifying LDH release from dying cells.
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Safety and tolerability

All eight injections of PLGA-flavopiridol microparticles and all eight injections of PLGA-blank
microparticles were well tolerated by the four horses enrolled in the study. There were no adverse
effects noted at any time point. We did not observe decreased range of motion, swelling, effusion, or
other signs of discomfort upon palpation or manipulation of the carpi at any timepoint. Mild and
transient lameness was observed at some timepoints, but not significantly correlated with either the

flavopiridol-PLGA or the blank-PLGA injections.

Synovial fluid flavopiridol concentrations

Flavopiridol remained detectable in the synovial fluid for at least four weeks. Huber outlier test
identified 1 outlier in the flavopiridol concentration and the total nucleated cell measurements that were
excluded from further analysis. Multivariable linear regression modeling indicated that the study phase
was not a significant effect (p=0.9912), so data from phase 1 and 2 were combined into one data set for
further analysis. Peak synovial flavopiridol concentrations of approximately 19nM were observed after 1
week, with gradually reducing amounts detected in weeks 2-4 (Figure 4.3). By 5 weeks the synovial fluid
concentrations were below the lower limit of detection. A full pharmacokinetic analysis of plasma
flavopiridol (Cmax, Cmin, tmax, AUC, etc.) was not possible because flavopiridol was not detected or fell

below the lower limit of quantification of 500pg/ml at all time points.
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Figure 4.3: Flavopiridol concentrations in the synovial fluid over time

Synovial fluid cytology

Clinical analysis of the synovial fluid indicated a statistically significant difference in TNCC at some
timepoints, with no statistically significant differences for TP, or TNCC differential. Furthermore, there
was no statistically significant differences between joints receiving flavopiridol-PLGA or blank-PLGA
microparticles, aside from the differences in TNCC (Figure 4.4). Importantly, although increases in TNCC

were observed, values were within the normal reference range[277] (<500 cells//ml) at all timepoints.
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Figure 4.4: Synovial Fluid Clinical Analysis demonstrates all values are in the normal range at all
time points, with no negative consequences upon administration of blank-PLGA or flavopiridol-PLGA.At
baseline, the total nucleated cell counts averaged 60 cells/ml (Figure 4.5). We observed statistically
significant increases (p< 0.04) in mean TNCC at all subsequent timepoints, ranging from approximately
100-325 cells/ml. Moreover, the mean TNCC was always higher in joints injected with blank-PLGA
microparticles than in joints injected with flavopiridol-PLGA microparticles, and this difference was

statistically significant (p<0.05) at the 1-week and 5-week time points.
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Figure 4.5: Total Nucleated Cell Count in Synovial Fluid. TNCC fall within the normal range at all
time points, although elevated compared to the pre-dose values. Asterisk indicates significant

difference (p<0.05) between blank-PLGA and flavopiridol-PLGA, with flavopiridol-PLGA consistently

lower.

Radiographic Findings

There was no radiographic evidence of joint pathology prior to the start of the study, or at the follow-up

timepoints of 4- and 14-monhts after study completion.

DISCUSSION

The aim of this study was to establish tolerability and pharmacokinetics of intra-articular injection of an

extended release PLGA formulation of flavopiridol in equine middle carpal joints.

Main Findings

The main findings of this study are first, that intra-articular administration of an extended-release
flavopiridol-PLGA microparticle formulation is well-tolerated in healthy horses, and second, that the

formulation produces detectable levels of flavopiridol in the synovial fluid for approximately 4-weeks
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post administration with negligible systemic exposure. Additionally, no adverse effects were observed
during the entire study period. We did observe a slight, statistically significant increase in the synovial
fluid TNCC, which remained within the normal range (<500 cells/ml) for all joints, and at all time points.
It remains unclear whether the increased cellularity was a result of repeated arthrocentesis or a reaction
to the PLGA microparticles, though it is well established that repeated arthrocentesis can result in an
increase in synovial fluid parameters,[277] and that PLGA itself can be a mild inflammatory stimulus
locally.[278, 279] The increased cellularity was less pronounced for joints injected with flavopiridol
PGLA-microparticles than blank-PLGA-microparticles, which was anticipated given the anti-inflammatory

activity of flavopiridol.

Comparisons to Steroids

Corticosteroids are among the most common intra-articular injections given to treat painful arthritic
joints. Relatively high doses are typical, as soluble formulations of small-molecule drugs such as
corticosteroids are rapidly lost from the joint into the general circulation, with serum peak levels
typically within the first 12 hours and complete clearance within the first week.[280] Because of the
relatively high doses, systemic side-effects from intra-articular corticosteroids occur frequently, and
these side-effects have been thoroughly documented (reviewed in [280]). Briefly, endocrine side effects
include reversible suppression of adrenocorticotropic hormone and serum cortisol levels through the
hypothalamic-pituitary-adrenal axis. Metabolic effects include transiently increased blood glucose levels
(especially in diabetics), decreases in markers of bone turnover and formation but not bone resorption,
and growth suppression in children. Hematological effects include reductions in blood mononuclear cells
and increases in polymorphonuclear leukocytes. Additional local effects of intra-articular corticosteroid
injections can include loss of joint proteoglycans and changes to the mechanical integrity of
cartilage,[254, 255] chondrocyte cell death (especially in combination with lidocaine),[281] and

osteoporosis with long-term or repeated use.[282] Because these systemic side effects of soluble
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corticosteroids can be quite severe, there is an ongoing effort to reduce the systemic exposure through
formulations that remain in the joint capsule upon intra-articular injection. Common approaches include
microcrystalline suspensions that dissolve slowly,[283] and extended-release formulations of steroids in
bioresorbable polymers such as PLGA.[284] In these formulations, local corticosteroid concentrations
remain therapeutically effective, with lower total doses, and reduced systemic exposure, and
correspondingly fewer systemic side effects. However, a significant loss of joint proteoglycan content was
still observed in dogs even with a locally administered extended-release formulation of triamcinolone-
acetonide.[285] Cdk9 inhibitors such as flavopiridol can prevent the transcriptional activation of
inflammatory genes, and as such, act through a different molecular mechanism to reduce inflammation

than corticosteroids.[87, 257-259, 262, 264, 286, 287]

Safety and tolerability of flavopiridol from oncology studies

The Cdk9 inhibitor flavopiridol was the first CDK inhibitor primarily developed as a chemotherapeutic
agent against certain leukemias.[277] As such, a high systemic dose of flavopiridol (at approximately 1-2
uM plasma concentration) is required to show efficacy in treating leukemia, by inducing cell cycle arrest
and apoptosis of cancer cells in human patients. In contrast, our data showed that a markedly reduced
flavopiridol concentration (order of magnitude lower) is sufficient to effectively inhibit the expression of
inflammatory genes, without significant cytotoxicity (Figure 1.2). In addition, local delivery of flavopiridol
into the joint space will only require a fraction of the total body dose and further reduce systemic drug

exposure and side effects.

Limitations of the study

Limitations of this study are that it was performed in only four horses, and that it was not a terminal
study, and no tissue biopsies were taken, thus, we could not histologically assess the joint tissues for

signs of local toxicity due to prolonged exposure to flavopiridol. However, we would not expect

112



significant local toxicity at the low concentrations of flavopiridol, and there is evidence that flavopiridol
can even be anti-apoptotic in bovine cartilage explants subjected to mechanical injury.[258]
Additionally, no evidence of detrimental effects to the joints were observed clinically or radiographically.

Lameness was subjectively graded, future studies may include objective measures.

An additional limitation is that in order to obtain weekly data points of synovial fluid flavopiridol
concentrations, a two-phase study design was deemed necessary by the IACUC to avoid weekly repeated
arthrocentesis. Phase 1 provided data at the 2, 4, and 6-week timepoints, while phase 2 provided data
at thel, 3, and 5-week time points. To avoid possible confounding effects from repeated flavopiridol

injections in the same joint, the opposite joint received the flavopiridol-PLGA microparticles in phase 2.

A further limitation is that we were unable to detect systemic plasma flavopiridol given the 500pg/ml
lower limit of quantification of our HPLC/MS method. Thus, a full pharmacokinetic analysis was not
possible in this study. The advantage of a locally administered extended-release formulation is that it
achieves locally therapeutic concentrations of drug, with low systemic burden. We believe that an intra-
articular dose high enough to produce detectable levels of plasma flavopiridol would result in local
toxicity within the joint. Future studies might include a 2x and 5x dose escalation, but even at these

higher doses we do not expect to detect plasma flavopiridol in 500-700kg animals.

Summary

In summary, we demonstrate that an intra-articular injection of extended-release flavopiridol-PLGA is
well tolerated in healthy equine middle carpal joints. The pharmacokinetics show flavopiridol in the
synovial fluid for at least four weeks, and no detectable systemic exposure. Future studies will test the
beneficial effects of flavopiridol in joint disease and reinforce its potential as an intra-articular

medication in horses.
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CHAPTER V: CONCLUSION

It’s well known that injury to a joint causes inflammation in the days and weeks that follow, and it is
increasingly understood that inflammation drives OA development. The focus of my work has been to
increase our understanding of this injury process and identify early processes that may translate into
longer term inflammation. This period of AIR may provide windows and targets for therapeutic
interventions and provide insight on how the initial joint trauma translates into longer-term

inflammation and ultimately OA.

To study these early changes, | developed a method for applying single-cell RNA sequencing to joint
tissues as a whole. It was important to include all the cells of the knee to acquire a full view of the cross-
talk that is occurring in the joint during the AIR. The transcriptome measured with this method
originates from the same tissue previously pulverized and sequenced in bulk, potentially allowing the
comparison of whole-joint scRNA-seq with previous bulk RNA-seq data. Future studies could use this
methodology to compare single cell expression with prior bulk data, as well as investigating the amount

of stromal versus immune cells within this knee region.

Applying this methodology to study the AIR in mouse knees improves our understanding of the injury
processes in joints. The identified AIR genes in combination with the snapshot of the cell populations
expressing them, are targetable for further investigation. The combination of potential gene, pathway,
and cellular sources provides a rich resource for guiding future studies. For example, synovial fibroblasts
were prominent in AIR expression, and stromal cells—as a group—expressed a large amount of the AIR
genes overall. Future work could focus on this tissue, or possibly the Angiopoietin-like protein pathway
or 1I-6, in the early timepoints after injury. Merely fifty-four genes exhibited notable upregulation at the

one-hour mark, representing a relatively small and specific set for future targeting.
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The knees of a human are very different from that of a mouse, but large animal models remain a
reasonable steppingstone. Moving along this translational spectrum from mice to sheep, we reviewed
and summarized the use of ovine surgical PTOA models establishing a convenient reference for
researchers and surgeons who are planning PTOA studies in large animal models. Methods vary with the
severity of injury they simulate. Thus, the scope of response within the joint ranging from the rapid and
severe multi-trauma modified Hulth methods to milder chondral defect inductions. Future studies will
benefit from this review as it conveniently summarizes prior uses of these models, timelines, and the

benefits and complexities of these models.

Further along the translation medicine spectrum, we conducted pharmacokinetic and tolerability trials
of a potential OA therapy in horses. OA is a frequent contributor to lameness in horses, with poor
treatment options available currently. The treatment was well-tolerated, non-toxic, and released over
time in the joint. With this data, established future work can assess the beneficial effects of Cdk9

inhibition therapy in horses, potentially creating new therapy options.

Altogether, the work presented in this thesis expands our knowledge of joint injury and supports future
research into PTOA. First, by establishing protocols for digesting difficult knee tissues for sequencing.
Second, by providing new insight into the AIR in the knee, providing a manageable list of genes for future
research, as well as possible cell and tissue type to target them in. Third, by providing tools for
investigators planning large animal model studies. Finally, by establishing the safety and viability of a

potential treatment in horses.
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