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ABSTRACT

EVIDENCE FOR ACUTE INFLAMMATION IN THE PATHOGENESIS OF DIFFERENT

MOUSE MODELS OF POST-TRAUMATIC OSTEOARTHRITIS

Post-traumatic osteoarthritis (PTOA) is a debilitating, degenerative condition
affecting more than 5.6 million people in the United States. Following injury to the knee,
a person is 4.2 times more likely to develop PTOA in that joint, compared to an
uninjured joint. PTOA is characterized by clinical symptoms such as pain, swelling, and
decreased range of motion of the knee or affected joint. As a leading cause of pain and
disability, PTOA is a major contributor to a decreased quality of life. Notably, loss of
mobility associated with PTOA can increase the risk of a multitude of other ailments
including heart disease and diabetes.

PTOA due to traumatic joint injury can result in damage to intra-articular
structures, such as menisci, ligaments, cartilage, and subchondral bone. Despite
current treatment options, many of these joint injuries progress to end-stage PTOA
within 10 to 20 years. Rupture of the most commonly injured knee ligament, the anterior
cruciate ligament (ACL), typically occurs in athletes and people who are physically
active, with the majority of ACL tears occurring in patients who are less than 30 years
old. The detrimental pathways driving PTOA remain loosely defined and little progress
has been made in predicting, preventing, and treating the disease.

The goal of this work was to further our understanding of PTOA mouse models

through both development and characterization of models, as well as through the



testing of therapeutics in pre-established PTOA mouse models. In the first part of this
work (Chapter 2), we created and characterized a novel full and partial ACL rupture
model. This work is the first published partial ACL rupture model to date and provides a
novel platform to use as a preclinical model for testing of potential therapeutics and to
further our understanding of PTOA following ACL rupture.

Chapter 3 evaluates the therapeutic potential of a toll-like receptor 4 (TLR4)
antagonist on a full depth PTOA model. We found that short term treatment with a
systemic TLR4 antagonist significantly improved relevant gait parameters, and
improved cartilage structural metrics and modified Mankin PTOA scores, implying
improvement of clinical signs.

Chapter 4 addresses the therapeutic potential of intra-articular bone marrow
aspirate concentrate (BMAC), for treatment of PTOA in a well characterized meniscus
degeneration model, compared to red blood cell (RBC) depleted BMAC or no injection
controls. These results suggest that RBC-depleted BMAC improved treatment of PTOA
in an animal model and may have translational therapeutic potential for humans
suffering from similar disease processes.

Finally, Chapter 5 sought to: (1) Identify transcriptional sex differences in knee
joint tissue from naive animals; and (2) ldentify compensatory gene expression changes
related to sex that are specific to animals receiving DMM surgery as compared to a
naive animal when taking into account surgery changes (i.e., sham surgery).

The work described in this dissertation has improved our understanding of the
mouse knee joint during PTOA progression and potential therapeutics and targets for

clinical treatment of PTOA.
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Chapter 1: Introduction

1.1 Importance of Osteoarthritis

Osteoarthritis (OA), particularly of the knee, is a leading cause of physical
disability worldwide and a major reason for a decreased quality of life’. Additionally, OA
is the most common joint disorder both in the United States of America and around the
world?, with estimates suggesting that at least 250 million people are affected®. This
multifaceted and heterogeneous disease has a wide array of underlying pathways that
lead to joint destruction?, and is commonly characterized by joint space narrowing,
inflammation and loss of articular cartilage®.

Osteoarthritis is commonly categorized into two categories, primary OA and post-
traumatic (also known as secondary) OA. Primary OA has no known causal event and
is often referred to as spontaneous or idiopathic OAS. Post-traumatic OA (PTOA) occurs
following traumatic injury to the joint and is believed to account for approximately 12%
of all symptomatic OA cases’, with weight bearing joints, such as the knee, being most
at risk®. Chronic changes seen are similar between primary OA and PTOA, with PTOA
having an explicit inciting incident®. Primary OA tends to effect older individuals while
PTOA is commonly seen in younger populations, athletes, and military personnel®1°,

Pain and loss of mobility are the major complaints from people suffering from
PTOA3. To date, there is no cure for this disease, which highlights a critical need for
novel therapies to mitigate the progression of pathology of OA after injury. Current
treatments for PTOA, such as nonsteroidal anti-inflammatory drugs (NSAIDs) and

corticosteroids, do not change the progression of the disease but help to alleviate



symptoms. Unfortunately, long-term administration of these drugs is associated with
severe adverse side effects''. Therefore, there is a critical need to understand and
utilize animal models to further our understanding of PTOA and for development of
future therapeutics to treat PTOA.

It is believed that PTOA occurs in 21% of patients that receive an ACL
transection injury, with that number increasing to 48% with accompanying meniscal
injury'?. Importantly, most ACL tears occur in patients who are <30 years old, with many
<20 years'3. Surgical reconstruction of the ACL is the gold standard treatment;
however, re-injury and/or contralateral ACL rupture may still occur. Collectively, these
complications result in decreased mobility and quality of life. As disease-modifying
therapies are lacking, understanding the relationship between PTOA initiation post-ACL
rupture using clinically relevant models is paramount for developing intervention
strategies to mitigate injury progression.

A variety of animal models exist to study PTOA including mice, rats, rabbits,
guinea pigs, dogs, pigs, and horses'. Mice are a common animal model to study OA as
their musculoskeletal system develops quickly'®'6, which allows for animals to be raised
and tested on in a short period of time. Additionally, mice are a relatively cheap animal
model and are commonly used as a first line of testing for drugs and other therapeutics
testing’.

Mouse models of PTOA are typically grouped into two categories: induced
(invasive) models and non-invasive models'’, which will be described in depth later and

are laid out visually in Figure 1.1.



1.2 Surgically Induced Models of PTOA

Induced models of PTOA are often initiated through surgery and were initially
developed to study therapeutic effects on the PTOA disease process as this causes
rapid induction of joint degeneration and studies can therefore be completed in shorter
timeframes. Surgically induced models of PTOA can be highly advantageous as they
are reproducible based on expertise, progress rapidly and can be easily used to cause
a specific lesion. Conversely, some disadvantages to surgically induced models are
they require highly trained personnel, they allow additional blood into the joint and often
require opening the joint capsule which may upset the natural environment®.
Additionally, as with any surgery, there is an increased risk of infection and the type of
injury induced is not fully applicable to human injury, as OA in human patients typically
is not induced through surgery.

A large variety of surgically induced models exist in mice and can be induced in a
variety of ways including: meniscal injury, medial and/or collateral ligament injury,
transection of the cruciate ligament (anterior or posterior), patellectomy and articular
groove'®. One of the first surgical models was the ACL transection model (ACLT), which
was first described in dogs in 1973"°. Following the development of this model it has
subsequently been utilized and described in dogs, rats, rabbits, cats, guinea pigs, sheep
and mice®.

Another commonly utilized model for induction of surgical PTOA involves the
partial or total removal of the medial meniscus. Additionally, ACLT and meniscectomy
have been combined, to view an injury combination seen commonly clinically?°21,

Destabilization of the medial meniscus (DMM) is one of the most common surgical



mouse models for studying PTOA in mice. Results from this model tend to be
reproducible and generate similar results within male animals®. Interestingly, male mice
develop PTOA more severely and consistently within the DMM model than female
mice?2.

A variety of other surgical defect models also exist for study, including the joint
surface defect model. This model was developed because following arthroscopic
procedures, joint surface defects are seen in 60% of cases and have been associated
with cartilage loss leading to PTOA progression?3. These models are often utilized as a
method to study joint surface restoration. Importantly, large animal joint surface defect
models have demonstrated spontaneous repair?4-28. This implies there may be intrinsic
repair methods which can help repair full surface cartilage defects and if we understood
the cellular and molecular mechanisms behind this repair they could potentially be

harnessed as a treatment for PTOA.

1.3 Chemically Induced Models of PTOA

Another subset of induced/invasive models of PTOA are those that are induced
through injection of a degrative agent into the joint system. These models involve the
injection of a chemical agent intra-articularly into the joint space. A variety of chemicals
have been utilized including monosodium iodoacetate (MIA)?7-28, papain?®,
collagenase?®, and quinolone, along with cytokines such as tumor necrosis factor
(TNF)31, transforming growth factor B, and interleukin-1. These methods can be

advantageous for studying joint changes following a specific biological process but are



questionably translational to human injury and therefore information gathered through

these methods may only be relevant in very specific circumstances.

1.4 Non-invasive models of PTOA

Non-invasive models of PTOA utilize a mechanical force that produce an external
insult to the joint of study which negates the need of surgical or chemical induction.
These models are advantageous as they have rapid induction, are consistent within a
laboratory, are clinically relevant to human injury and do not require surgical expertise to
perform. The major cons to this induction method are that the equipment to produce the
injury is not universally available and, within the literature, there is variability in injury
induction. A variety of non-invasive mechanical models of PTOA have been developed
and can be used to study specific aspects of human injury including cartilage damage,

bone fracture, or soft tissue rupture.

1.5 Intra-articular tibial plateau fracture

The earliest non-invasive mouse model is the intra-articular tibial plateau fracture
(IATPF) model*2. This model initiates injury through an indenter which adds force to the
knee and causes a closed fracture of the joint. Importantly, the amount of force applied
by the indenter can be modified to modulate the severity of joint changes and the
severity of lesions'”. The injury generated in this model can be representative of acute
injuries occurred during high-energy impact injuries, such as during an automobile

accident®. As such, it is an ideal model for studying pathological changes following



acute injury and can be used to follow the early inflammatory effects of PTOA33. The

fracture creating success rates with this model are anywhere from 87%?3? to 95%%.

1.6 Cyclic articular cartilage tibial compression

The cyclic articular cartilage tibial compression (CACTC) model cyclically applies
an axial load through the ankle and knee joint and produces articular cartilage lesions®.
This model is highly advantageous for the study of chronic overuse injury and
subsequent PTOA development'”. Joint damage has also been shown to increase with
longer duration of loading®. While this model typically utilizes many cycles periodically
over a series of weeks, a study demonstrated that after a single session mice
demonstrated acute injury pathology consistent with severe injury®¢. The highly
adjustable nature of the CACTC model is a major benefit of this model as the severity of
subsequent joint degradation can be controlled®. Importantly, joint degradation achieved
with this model is typically mild when there is no confounding ligament injury. To attempt
to achieve severe OA progression limbs must be loaded with a high force for several
weeks and is therefore highly time consuming. Interestingly, a recent study found that
low level cyclical loading of knees that underwent DMM surgery, attenuated DMM-
induced cartilage degradation, and osteophyte formation®”. This implies that there may
be an amount of cyclical repeated movement following injury that improves knee health
and repair, but overuse of the knee, either following injury or with a healthy joint, could

increase or cause OA progression.



1.7 Tibial compression overload

The mechanical tibial compression overload model, which was first described for
use in rabbits3® and then subsequently for use in mice®®, creates an acute injury in mice
by rupturing the anterior cruciate ligament (ACL). These models aim to create an injury
seen clinically, though can result in divergence of ACL rupture locations, either mid-
substance or an avulsion fracture. Notably, the majority of ACL injuries in humans
involve a mid-substance tear rather than an avulsion fracture; the latter is usually
observed in children/adolescents with immature bone*°. Additionally, loads obtained
from published mechanical models differ (range 3N-12N34.39.41-44) and demonstrate
relatively rapid PTOA progression, with histologic evidence of PTOA as early as 7 days
post injury3°.

It is important to note that the age of mice at time of tibial displacement may play
a role in the ability to achieve a mid-substance ACL rupture versus an avulsion fracture.
Historically, mice at time of rupture are typically 83, 103%42, 1243 or 16 weeks** of age.
Importantly, age, sex, and weight have all been shown to effect avulsion fractures and
mid-substance tear success rates in an alternate non-surgical ACL injury model*®. As
age and skeletal maturity at time of injury may affect rupture outcomes, future studies
should consider these factors more overtly in study design.

Additionally, most current ACL rupture models exclusively produce a full rupture;
of note, partial ACL ruptures account for 10-27% of total injuries clinically, and treatment
of partial ACL rupture can differ from that of a full rupture*s. Recently a mechanical

partial ACL rupture model was developed*’, which will provide an important model for



the study of partial ACL tear progression to full rupture and testing of therapeutics

following a partial rupture.

1.8 Considerations of the contralateral limb

Many PTOA mouse models focus exclusively on the injured limb. As such,
clinical considerations, and treatment primarily — and understandably — focus on the
injured limb, with relatively little attention given to the compensatory leg. Interestingly,
mouse models of PTOA have utilized the contralateral limb in a variety of ways,
including naive internal controls, sham surgery internal controls, or bilateral surgery. To
date, comprehensive evaluations of contralateral limb changes following knee injury
have been minimally investigated in animal models of PTOA. Importantly, systemic
inflammatory and bone turnover exists following injury®®4¢, and may ultimately confound
results when the contralateral limb is used as the control. Interestingly, human ACL
rupture patients showed elevated concentrations of aggrecan, cartilage oligomeric
matrix protein (COMP) fragments, stromelysin-1 also known as matrix
metalloproteinase-3 (MMP-3) in the contralateral uninjured limb immediately after injury
when compared to healthy controls*®. Additionally, following total joint replacement, a
marker of end stage OA, the contralateral lower extremity is at an elevated risk of joint
degeneration and subsequent total joint replacement®0-52. This increased risk may be
due to nonstandard joint loading, a known cause of OA initiation, which may promote
quicker joint degradation®3-%5, Importantly, it has been shown that excessive loads on
cartilage can cause structural deterioration®®, though biomechanical changes alone may

not be the driving cause of contralateral OA progression®’. For this reason, chapter 5 of



this dissertation aims to characterize inflammatory gene changes in the contralateral

knees of mice following DMM surgery.

1.9 Conclusions

When designing a study, model choice and limb controls should be evaluated to
determine the appropriate choice to answer the overarching study questions. Non-
invasive mouse models are a major step forward in the study of PTOA. These models
are able to initiate the progression of PTOA without the confounding factor of
interrupting the joint capsule, and as such are more closely representative of human
injuries®. Further research still needs to be conducted before we can truly translate
novel insights from these non-invasive mouse PTOA models to human disease and
treatments. Investigators of future studies should be conscious of inherent sex
difference and biological differences between male and female animals and should
design their studies to reflect that. Additionally, when selecting/designating use of
contralateral controls for mouse PTOA studies, the potential for compensatory limb
changes should be carefully considered during conceptualization of the experimental

design.
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Chapter 2: Full and Partial Mid-substance ACL Rupture using Mechanical Tibial

Displacement in Male and Female Mice'

2.1 Overview

The anterior cruciate ligament (ACL) is the most commonly injured knee
ligament. Surgical reconstruction is the gold standard treatment for ACL ruptures, but
20-50% of patients develop post-traumatic osteoarthritis (PTOA). ACL rupture is thus a
well-recognized etiology of PTOA; however, little is known about the initial relationship
between ligamentous injury and subsequent PTOA. The goals of this project were to:
(1) develop both partial and full models of mid-substance ACL rupture in male and
female mice using non-invasive mechanical methods by means of tibial displacement;
and (2) to characterize early PTOA changes in the full ACL rupture model. A custom
material testing system was utilized to induce either partial or full ACL rupture by means
of tibial displacement at 1.6 or 2.0mm, respectively. Mice were euthanized either (i)
immediately post-injury to determine rupture success rates or (ii) 14 days post-injury to
evaluate early PTOA progression following full ACL rupture. Our models demonstrated
high efficacy in inciting either full or partial ACL rupture in male and female mice within
the mid-substance of the ACL. These tools can be utilized for preclinical testing of

potential therapeutics and to further our understanding of PTOA following ACL rupture.

1 A version of this manuscript has been published in the Annals of Biomedical Engineering: Timkovich
AE, Sikes KJ, Andrie KM, et al. Full and Partial Mid-substance ACL Rupture Using Mechanical Tibial
Displacement in Male and Female Mice [published online ahead of print, 2022 Sep 7]. Ann Biomed Eng.
2022;10.1007/s10439-022-03065-1. doi:10.1007/s10439-022-03065-1
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2.2 Introduction

The anterior cruciate ligament (ACL) is the most commonly injured knee
ligament, with damage typically occurring in professionally or occupationally active
patients’2. Between 100,000 to 200,000 people in the United States are affected by
ACL ruptures annually®, with a 10-fold higher instance in military service members
relative to the general population*5. The majority of ACL tears occur in patients who are
<30 years old, with many <20 years®. Surgical reconstruction of the ACL is the gold
standard treatment; however, re-injury and/or contralateral ACL rupture may still occur.
Further, 20-50% of patients develop post-traumatic osteoarthritis (PTOA). Indeed, after
ACL rupture a person is 4.2 times more likely to develop PTOA in that knee’ 2.
Collectively, these complications result in decreased mobility and quality of life. As
disease-modifying therapies are lacking, understanding the relationship between PTOA
initiation post-ACL rupture using clinically relevant models is paramount for developing

intervention strategies to mitigate injury progression.

Mouse models of PTOA associated with ACL rupture are typically grouped into two
categories: induced (invasive) models and non-invasive models®. Induced models of
ACL rupture are often initiated through surgery (e.g. manual ACL transection)'®. Two
disadvantages to surgically-induced models include: variability in disease progression
post-operatively, which may be partially dictated by surgeon experience and technique;
and compromise to the joint capsule during exposure, which adds compounding
variables absent during a typical clinical injury'®. Recently, researchers have utilized

non-invasive models via custom-designed systems to cause injury through an applied
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load'"-'6. Non-invasive models are advantageous as they are more reproducible, have

minimal infection risks, and are more translatable to human injury.

Current non-invasive ACL rupture models in mice typically induce ACL rupture through
tibial displacement. These models employ various mechanical methods to induce ACL
injury (cyclic'>'3 vs. single compressive loading'"-'4'®) and can result in a divergence of
rupture locations (mid-substance, avulsion fracture', or not reported’?'4.6). Notably,
the majority of ACL injuries in humans involve a mid-substance tear rather than an
avulsion fracture; the latter is usually observed in children/adolescents with immature
bone'”. Loads obtained from published mechanical models differ (range 3N-12N"'-16)
and demonstrate relatively rapid PTOA progression, with histologic evidence of PTOA
as early as 7 days post injury’’. Further, these rupture models aim to incite full ACL
ruptures. Interestingly, partial ACL tears have been observed in 10% to 27% of isolated
ACL injuries, and thus should be considered during injury model development'8-20,
Finally, most ACL rupture models utilize male animals; however, in people, females
have a higher prevalence of ACL ruptures?'?2. Cumulatively, this highlights a need to
study ACL rupture in both sexes and investigate if males and females differ in their

injury rates and response to non-invasive ACL rupture.

The current study had two main goals. First, we sought to develop non-invasive ACL
rupture models in male and female mice for both partial and full mid-substance tears
such that future studies could recapitulate multiple scenarios. To our knowledge, this is

the first non-invasive partial ACL rupture model. To ensure reproducible methods, we
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hypothesized that preconditioning prior to ACL rupture would improve ACL rupture
success rates. Additionally, we utilized output loading curves following injury induction

to develop diagnostic capabilities in our model.

Second, we studied early PTOA progression following full ACL rupture. Specific
features of our model that improved previous protocols included the use of a fixture to
allow for overhang of the tibia relative to the femur, preconditioning, and application of a
lower loading force. Given this, we anticipated that our models would result in less
severe PTOA (relative to existing models of mouse mechanical tibial displacement) up
to 14 days post-injury, as measured via animal movement and knee histopathology.
Overall, our models can be used to further our understanding of mechanistic changes

following full and partial ACL ruptures and allow for testing of therapeutics.

2.3 Materials and Methods

Animals

Procedures were approved by the University's Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use
of Laboratory Animals. C57BL/6Nci wild-type (WT) male and female mice were
purchased from Charles River Laboratories (Wilmington, MA) at 63 days of age and
allowed to acclimate for 21 days prior to experimentation. Thus, animals were 12 weeks
old at time of injury for historical data comparability'>. Animals were housed together by

sex in groups of five in solid bottom cages with corncob bedding and allowed ad libitum
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water and standard rodent chow. They were maintained at 22—-24°C on a 12-h light/dark

cycle and were assessed daily with body weights monitored weekly.

Experimental Design

Seventy mice were used for this study (Figure 2.1) and were split into two experimental
phases — (1) Phase 1: ACL Rupture Model Development and (2) Phase 2: Early PTOA
Progression. Phase 1 utilized 40 mice that were randomly assigned to receive either
pre-conditioning or no pre-conditioning to induce tibial displacement. Following pre-
conditioning, or lack thereof, one limb of each animal was randomly assigned to receive
either 1.6mm displacement or 2.0mm displacement to incite a partial mid-substance
ACL rupture or a full mid-substance ACL rupture, respectively; the contralateral limb
received the alternative option. Animals were immediately euthanized following injury
induction via COz inhalation with confirmatory cervical dislocation. Following
euthanasia, both legs received a manual cranial drawer test and were also

macroscopically imaged and assessed for ACL status.

Phase 2 utilized 30 mice to evaluate early PTOA progression using the full ACL rupture
protocol: the right limb of all animals received preconditioning followed by 2.0mm of
tibial displacement to incite a full rupture. The left limb remained as an unmanipulated
contralateral sham. All mice received a subcutaneous injection of Tmg/kg slow-release
buprenorphine for pain control immediately prior to injury. Sustained-release
buprenorphine provides pain relief (but no anti-inflammatory activity) for up to 3 days

post injection?®. Animals were randomly assigned by cage into groups and euthanized
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at either 3-, 7-, or 14-days post-injury (n=5 per group per sex), with the 14-day animals
receiving ANY-maze™ cage monitoring at days 0, 1, 3, 7 and 14. Following euthanasia,
knees were assessed for ACL status macroscopically via imaging. Limbs were then

processed for histology.

Non-invasive ACL rupture

For both full and partial ACL ruptures, animals were anesthetized via 2% isoflurane
inhalation, and placed in a custom material testing system with an actuator (Ultra Motion
Series A1; 3in stroke capacity, 0.01% accuracy) and load cell (Interface Model 1210;
300 Ibf maximum, 0.04% accuracy) controlled using NI instrumentation in LabView. For
placement, the femur was positioned in a bottom groove with the tibia overhanging by
1mm with the knee at 90° of flexion; the foot was secured in a custom 3D printed cup
with the ankle at 10° of flexion (Figure 2.2A and B). Given this arrangement, long
bones were not able to rotate or translate beyond the vertical direction of applied force.
With respect to the chosen displacements for both preconditioning and tibial
displacement to induce ACL rupture, non-destructive laxity testing of cadaveric mouse
limbs has historically been tested using a displacement on average of less than 0.50mm

with no ACL ruptures or injuries to the limb noted?4-26,

The custom loading protocol (LabView) was initiated as follows: 1) manual preload to
0.7N; 2) preconditioning at 0.4mm displacement for 200 cycles at 1Hz (sinusoidal
waveform; to replicate physiologic preconditioning, as pilot studies indicated 200 cycles

allowed for equilibrium force to be achieved) (Figure 2.2C); 3) tibial displacement at
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either 1.6mm or 2.0mm displacement (square wave; relatively instantaneous loading);
and 4) post-injury displacement test at 0.4mm displacement for 1 cycle at 1Hz

(sinusoidal waveform).

The post-injury displacement test, which is a single sinusoidal cycle utilizing our pre-
conditioning parameters, provides a confirmatory measure of the presence or absence
of joint stability and ACL integrity. This motion was recapitulated in the fixture by moving
the tibia past the femur, with the presence of zero change in load indicating a positive
test (i.e., ruptured ACL). For all testing, output curves (Figure 2.2C, Left) were
generated. A representative curve for a control mouse (from n=5 tested) receiving the
loading protocol without tibial displacement (only preload, preconditioning, and post-

injury displacement test) is also provided (Figure 2.2C, Right).

ANY-maze™ Cage Monitoring

Behavior/mobility assessment data were recorded using ANY-maze™ software (Wood
Dale, IL). Animals were placed singly in their resident cage with their environmental
enrichment hut (hidden zone). Animals were acclimated twice with each baseline
measurement taken in duplicate prior to the start of the study. Cage monitoring occurred
on days 1, 3, 7 and 14. Animals were recorded for 10 consecutive minutes/time-point.
Training and data collection were performed during the same period of the day (8 AM to
12 PM) and involved the same handlers. Mobility parameters for time spent freezing,

modulated time spent in resident environmental enrichment hut, time on top of
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environmental enrichment hut, and time mobile were automatically collected; see

Supplemental Table 2.1 at https://doi.org/10.7910/DVN/BJE7C9 for a full list.

Magnetic Resonance Imaging

At day 3 post-injury, a subset of three male mice were transported to the University of
Colorado Animal Imaging Shared Resource. In-vivo Magnetic Resonance Imaging
(MRI) was performed on anesthetized mice (2.5% isoflurane) using a 9.4 Tesla BioSpec
animal MRI scanner (Bruker Medical, Billerica, MA). First, a localizer scan was obtained
for the knee by placing animal injured and collateral limbs in the center of phase-array
rat head coil. Then, a multi-sequential MR protocol was obtained based on optimized
T1- and proton density (PD)-weighted RARE (rapid acquisition with relaxation
enhancement) sequences as well as a set of DIXON-type sequences (water-only, fat-
only, and out-of-phase). All images were obtained in coronal and sagittal planes; all
sequence parameters are included in Supplemental Table 2.3. Total acquisition time
for all sequences was 23 min 29 sec. The animals were monitored during the scan for

appropriate body temperature and respiratory rate.

The joint space was quantified by placing a hand-drawn region of interest (ROI) on
representative sagittal PD- and T1-weigted sagittal slices for the right and left knees?”-
30, summing and multiplying by the slice thickness (reported in mm?3) using Bruker
ParaVision NEO360 v2.0 software. The extent of the knee edema was also
quantitatively assessed (in mm?3) in the right limb by placing hand-drawn ROls on water-

only DIXON images. Edema in the contralateral sham left limb was not discernable and
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therefore not assessed. The total limb volume was also determined from PD-RARE
coronal scans. All images analysis was performed by an MRI physicist (NJS) with >15

years of experience.

Macroscopic Imaging

Images for both experimental Phases were taken using a VWR Trinocular inverted
microscope with a Moticam X wireless camera and the Motic Live Imaging Module
(Richmond, BC). Macroscopic imaging prior to tissue processing was utilized along with
the manual cranial drawer test immediately post-injury (Phase 1) or euthanasia (Phase

2) to confirm ACL status.

Histologic assessment of knee joints

Limbs from Phase 2 were coronally sectioned at mid-joint. Knee joints were fixed in
10% neutral buffered formalin for 24 hours and transferred to phosphate buffered saline.
Limbs were then submerged for 7 days in 14% EDTA at a pH of 7 for decalcification.
Samples were paraffin embedded and sections (5 um) were stained with toluidine blue.
One independent pathologist (KMA), blinded to identifying data, performed histological
grading based on recommended OARSI OA scoring guidelines in mice3'. No
osteophytes were observed; however, enthesophytes located at bone/ligament
interfaces were scored as per the osteophyte grading scheme. Additional findings
included the presence of: (1) blood, (2) joint space deposits, (3) further ACL remnant

deterioration, (4) PCL degeneration or injury, (5) joint capsule expansion, and (6)
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meniscal injury. Each of these additional findings were graded based on severity on a

scale of 0-3.

Statistical Analysis

For Phase 1, loading curve parameters were analyzed by a One-Way ANOVA with
Tukey’s multiple comparisons test; preconditioning was not considered as a factor. All
groups were normality distributed and passed tests for equal variance. A receiver
operating characteristic (ROC) curve was generated for each of the loading curve
parameters (preconditioning peak force, tibial displacement peak force, and post-injury
displacement peak force) using the Wilson/Brown method; sensitivity and specificity
were reported as percentages. The experimental sample size for Phase 2 (5 animals
per sex per time-point) was calculated using GPower Version 3.1.132. Specifically, an a-
priori power analysis was conducted using peak tibial displacement data generated
during Phase 1. This power analysis resulted in a power of 99%, using mean group
tibial displacement peak forces of -1.65 N and -0.78 N and a standard deviation of 0.31
N for both groups. For Phase 2 ANY-maze™ parameter comparisons, a mixed effects
model was utilized, and p-values were calculated for timepoint (0, 1, 3, 7, and 14 days)
using Tukey’s multiple comparison tests. Originally, statistics were run to stratify sex;
however, no significant differences were seen (p>0.05). Therefore, the sexes were
combined (10 animals per time-point), leaving time as the main factor of interest. For
correlations between parameters, a Pearson Correlation Analysis was conducted. For
Phase 2 histological grading, a mixed effects model was utilized, and p-values were

calculated for timepoint (3, 7, 14 days) using Tukey’s multiple comparison tests.

26



Significance was set to p<0.05 for all comparisons. All post-hoc statistics were

conducted in GraphPad Prism v8.4.1 (San Diego, CA).

2.4 Results

Full and Partial ACL Rupture Success Rates

For Phase 1, Figure 2.3 shows success rates based on macroscopic assessment
following loading protocols. Of note, only 9 female mice were tested with
preconditioning due to a LabView code malfunction during tibial displacement leading to
one animal being excluded. Consistent with our hypothesis, 1.6mm displacement
caused a majority of partial ACL ruptures, and 2.0mm displacement showed a majority
of full ACL ruptures for both sexes. Of note, all ruptures appeared to be in the mid-
substance region of the ACL with no avulsion fractures noted macroscopically. Further,
pre-conditioning prior to tibial displacement was either equivalent to or improved
attainment of appropriate ACL status compared to animals that did not receive pre-
conditioning (Figure 2.3A). Specifically, males and females receiving preconditioning
prior to full rupture resulted in a 30% or 28% increase in success rate compared to mice
without preconditioning, respectively. Success rates of partial ruptures for males with
preconditioning were equivalent to mice without preconditioning; however, female mice
demonstrated a 39% increase in success rate for partial rupture with preconditioning.
Representative images of an intact, partial, and full ACL rupture are shown in Figure

2.3B.
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Predictive Capacity of ACL Rupture Loading Curves

For Phase 1, we aimed to determine if the loading curves could be used to distinguish
between an intact leg, partial rupture, or full rupture. Model specificity and sensitivity
were analyzed by ROC testing. Based on the tibial displacement peak force, we can
distinguish between either a partial vs. intact ACL (ROC Cutoff of -1.136N) or full vs.
intact ACL (ROC Cutoff of -1.134N) with greater than 97% sensitivity and 100%

specificity in each scenario (Figure 2.4A).

To distinguish between a partial vs. full rupture, we considered tibial displacement peak
force and post-injury displacement peak force, stratified by sex. In males with pre-
conditioning, we saw that tibial displacement peak force (ROC Cutoff of -1.495N) is
capable of distinguishing between a partial and full rupture with a sensitivity of 76.92%
and specificity of 100% (Figure 2.4B). Conversely, in females with pre-conditioning, the
post-injury displacement peak force is superior to the tibial displacement peak force. For
distinguishing between a full and partial rupture in females, we see a specificity of 90%
and sensitivity of 75% at a ROC Cutoff -0.0655N when looking at the post-injury
displacement peak force (Figure 2.4C). Taken together, (i) tibial displacement peak
force (higher than 1N of compressive force), (ii) post-injury displacement peak force
(greater than 80% reduction relative to tibial displacement peak force), and (iii)
translocation of the hip during preconditioning followed by the lack of hip movement
during the post-injury displacement peak force, allowed for the qualitative evaluation of

whether rupture occurred in real-time.
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For Phase 2, all mice passed predictive capabilities during ACL injury induction.
Notably, there were no statistical differences (p>0.05) between loading curve
parameters for male and female mice, except for the post-injury displacement peak
force (p=0.04, data not shown), reiterating slight variations in loading outputs based on
sex, comparable to the ROC analysis. Interestingly, female mice experienced
significantly decreased percent relaxation during preconditioning (p=0.04;
Supplemental Figure 2.1). At necropsy,14 days later, all animals had a positive

manual cranial drawer.

In Vivo Magnetic Resonance Imaging

No abnormalities were seen in contralateral left sham joints on MRI (Figure 2.5A-C).
The joint space volume in the left uninjured knee was 3.2 +/- 0.2 mm? (n=3), which
supports previous data obtained by ultrasound imaging®®. For all mice, the injury to the
right knee 3 days prior to MRI led to an 12-19% difference in joint space when
compared to the left knee (Figure 2.5C-D). Quantitative image analysis of water fraction
in DIXON images revealed dramatic water accumulation in the right injured knee
relative to the left contralateral limb (Figure 2.5C). Quantitatively, the gross increase in
total limb volume (due to the water accumulation and swelling of soft tissue) was
persistently up to 20% in the right limb day 3 post-injury compared to the left uninjured

limb, as calculated from 3D PD-MRI (Figure 2.5B).

29



Histopathology and OARSI Grading

Histologically, all animals’ knees appeared to have ruptured ACLs and some concurrent
PCL and meniscal tearing; no subjective differences were observed between male and
female mice. Notably, mild cartilage lesions were seen on tibial plateaus (Figure 2.6l-L)
and femoral condyles (Figure 2.6E-H) by day 3 but these did not progress in severity
through day 14 (Supplemental Figure 2.2A-F). Statistically significant early PTOA
differences post-injury were most often associated with soft tissue structures and were
characterized by: enthesophyte formation (Figure 2.6M-P; Figure 2.7A, 3d vs 7d
(p=0.0027), 3d vs 14d (p<0.0001), 7d vs 14d (p=0.0419); joint capsule expansion
(Figure 2.6Q-T; Figure 2.7B, 3d vs 7d (p=0.0002), 3d vs 14d (p=0.0005)); synovial
hypertrophy and hyperplasia (Figure 2.6U-X; Supplemental Figure 2.2l), meniscal
degeneration (Figure 2.6Y-BB; Figure 2.7C; 3d vs 7d (p=0.0018), 3d vs 14d
(p=0.0048); anterior cruciate ligament rupture and/or degeneration (Figure 2.6CC-FF;
Supplemental Figure 2.2H); and mild subchondral bone thickening (Figure 2.7D; 3d
vs 14d (p=0.0097), 7d vs 14d (p=0.0262)). Notably, histopathology parameters were not
statistically correlated to the tibial displacement peak force obtained during injury

induction (p values >0.05; Supplemental Table 2.2).

Overhead Enclosure Monitoring

Phase 2 utilized ANY-maze™ cage monitoring as a behavior/mobility assessment.
Observed differences relative to pre-rupture baseline were characterized by: (1)

decreased time spent freezing (Figure 2.8A; 1d (p=0.0234)); (2) modulated time spent
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in their resident environmental enrichment hut with time increased at 1 day post rupture
and decreased starting at 6 days post rupture (Figure 2.8B; 1d (p=0.0113), 6d
(p=0.0206), 14d (p=0.0453)); and (3) decreased time on top of their environmental
enrichment hut (Figure 2.8C; 1d (p=0.015)). Mice showed a significant increase in time
mobile by 6 days post injury, which remained increased through the duration of the

study (Figure 2.8D; 6d (p=0.036), 14d (p=0.021)).

2.5 Discussion

This study developed a non-invasive ACL rupture injury model for partial and full
mid-substance ACL ruptures; both sexes were included. We demonstrated that
preconditioning, repetitive cyclical loading under physiological displacement to remove
tissue laxity prior to rupture was either equivalent or improved accuracy of appropriate
ACL status. Preconditioning has previously been shown to cause ligaments and
tendons to have higher tensile properties®*34, and increased the reproducibility of ACL
rupture during ex-vivo mechanical testing in bovine ACL. Cyclic preconditioning has
also previously been demonstrated to decrease tissue laxity and, as such, it is
anticipated that including pre-conditioning in our protocols decreased the variation in
limb loading during tibial displacement, leading to increased rupture consistency.
Additionally, as the majority of ACL injuries occur during physical activity,
preconditioning is suggested to recapitulate movement and activity prior to injury, and

therefore, produces a more clinically relevant injury and result.
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Decreased severity compared to previous models

We demonstrated clinical signs of ACL rupture via in-vivo MRI 3 days post-injury,
including swelling and increased joint space. While future work will include a higher
sample size that includes both sexes, this proof-of-principle approach: was able to
highlight that it is possible to capture usable MRI data in mice post-ACL rupture; and
show that, shortly after ACL rupture, immediate soft tissue swelling are present in our

model that are translatable to the human condition.

We also documented early histologic PTOA differences in full ACL rupture mice by 14
days post injury. Previous models have shown PTOA progression in other mouse
models of mechanical tibial displacement as early as 7 days post injury'!, with total
OARSI scores of approximately 11 by day 7, average tibia scores of approximately 4.5
and average femur scores of approximately 3 by day 1435 post-ACL rupture. Our model
demonstrates a relatively decreased PTOA progression with mean total OARSI scores
of 5.8 at day 7, and an average tibia score of 1.04 and average femur score of 2.89 by
day 14 post rupture. Overall, our model does not appear to incite PTOA onset at the
same rate post-injury as current published models. Most importantly, our model
demonstrates PTOA progression similar to that seen clinically in humans post-ACL
rupture. These similarities include bony pathology such as increased flattening (less
convexity) of the femur3®, a feature of early OA changes®'8, and early degenerative
changes such as enthesophytes/osteophytes, which are present in about 40% of post-

ACL patients by 2 years post-injury3®.
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Previous non-invasive ACL rupture models demonstrate loads that range from 3N-
12N""-6_ These higher loads may have led to avulsion fractures seen in some ACL
rupture models, as well as account for earlier histopathologic PTOA evidence. Our
model demonstrates loads during tibial displacement of ~1.0-2.5N for both partial and
full ACL rupture. This potentially accounts for why our model produces mid-substance
tears without avulsion fractures*°. This also allows our model to be clinically relevant, as
avulsion fractures occur in less than 10% of patients following an ACL rupture*'.
However, it should be recognized that other studies have pointed to the rate of
displacement’, as well as position of the animal and/or joint'%42, along with age, sex
and body mass*3 as additional factors dictating whether mid-substance tears versus
avulsion fractures occur. It is important to note that variations in loading, both knee
flexion angles, and direction of tibial loading, will also affect the load seen during ACL

rupture’-16,

Other Etiologies

The status of the meniscus following ACL injury has been shown to be important factor
for the development of PTOA in patients*4. We observed meniscal degeneration and
tears (Figure 2.6Y-BB) which is translatable to humans as meniscal injury and
meniscectomy are the most common risk factors for PTOA in people post ACL
rupture*S. We showed through correlative analysis that there were no associations
between the degree of loading at the time of injury and the presence of meniscal tears.

Therefore, we anticipate that meniscal tears in our model are arising from rotational
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instability post-rupture, which is observed clinically*é, and not due to initial damage at
the time of injury, which utilizes uniaxial loading. Further study is warranted to determine
the progression of such meniscal tears post-ACL rupture to assist in clinical

management of whole joint health.

Functional Mobility

The chief complaint for patients with PTOA is loss of mobility and painful locomotion®.
To date, relatively few pre-clinical PTOA models track behavior and mobility alterations,
and, to the authors’ knowledge, few mechanical models of ACL rupture used mobility as
an outcome®®. Historically, PTOA progression has been assessed primarily by
histological and radiographical changes, although severity of joint pathology does not
always correlate to the degree of clinical symptoms presented by the patient. Phase 2 of
the current study utilized ANY-maze™ cage monitoring as a behavior and mobility
assessment provided longitudinal assessment of individual animals throughout the
course of disease progression. We demonstrated that, at 1-day post ACL rupture, mice
exhibited altered mobility, implying a potential pain or physical response not addressed
by buprenorphine. Interestingly, mice returned to pre-surgery movement levels by the
conclusion of the study (day 14). As unmanipulated sham mice were not evaluated for
this study, however, there is the possibility that day 1 changes seen may also be due to
pre-operative analgesics, anesthesia, or handling procedures. Of note, a different
mechanical ACL rupture model also reported no differences between sham and ACL-
ruptured mice in open field mobility testing up to 14 days post-injury*8. Given that 14-

days is still an early timepoint post ACL rupture, and that mice are quadrupeds, it was
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expected that we would not see significant differences in an outcome that assesses
overall voluntary animal movement. Future work will focus on utilization of methods able
to detect outcomes such as gait symmetry. Indeed, previous studies have demonstrated

that a loss of this symmetry can indicate pain associated with knee OA%°.

Sex Differences

Our model demonstrated consistency in inciting both full and partial ACL ruptures in
male (full: 100%, partial: 67%) and female (full: 78%, partial: 89%) mice with pre-
conditioning. This is important as females have a higher incidence of ACL rupture
clinically?'-22 but historically tend to be underutilized in animal models of PTOA. From a
clinical perspective, females have a greater anterior knee joint laxity than males®°%",
which we hypothesize could account for the differences seen in the sensitivity and
specificity determined by the ROC cutoffs. Additionally, our data demonstrates female
mice had significantly less relaxation during preconditioning (calculated as a ratio of the
peak force during preconditioning relative to the equilibrium force at the end of
preconditioning) than male mice, which would correspond to increased female knee

laxity discussed above.

Age Considerations with ACL Rupture

It is important to note that the age of mice at time of tibial displacement may play a role
in the ability to achieve a mid-substance ACL rupture versus an avulsion fracture.
Historically, mice at time of rupture are typically 8'2, 10'"14, 125, or 16 weeks'® of age.

For this study, we used mice that were 12 weeks at time of injury. Importantly, age, sex
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and weight have all been shown to effect avulsion fractures and mid-substance tear
success rates in an alternate non-surgical ACL injury model*®. As age and skeletal
maturity at time of injury may affect rupture outcomes, future studies should consider

these factors more overtly in study design.

Importance of Partial ACL Rupture Model Development

Partial ACL ruptures account for 10-27% of total injuries clinically, and treatment of
partial ACL rupture can differ from that of a full rupture®2. Importantly, to the authors’
knowledge, this is the first non-invasive mouse partial ACL rupture model. Due to the
positioning of the knee in flexion during injury, we anticipate that the anteromedial band
of the mouse ACL is ruptured, while the posterolateral band remains intact. Specifically,
we anticipate this to be the case because the anteromedial band is tensed in knee
flexion (as opposed to the posterolateral band in extension)®. However, further
validation, including optimization of soft tissue MR imaging protocols for detection of
ACL rupture status, are warranted to track ACL status over time. Notably, for partial
ruptures, the anteromedial bundle is the most commonly injured clinically, with the
majority of tears involving 50-75% of the ACL (e.g., one bundle) progressing to full
rupture. Our newly developed partial rupture model allows for the study of partial ACL
tear progression to full rupture and testing of therapeutics following a partial rupture. As
this study only assessed our ability to initially produce partial ACL ruptures, future

studies will characterize PTOA development following partial ACL rupture in rodents.
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Predictive Capabilities

Utilizing the loading curves obtained during testing allowed for real-time assessment of
ACL status following rupture. First, based on tibial displacement peak force (N), we are
able to distinguish between an intact limb following tibial displacement (which would be
an unintended outcome demonstrating a failed test) versus a full or partial rupture for
both sexes. Indeed, using the Phase 1 data, we calculated a specificity, or true negative
rate, of 100% and a sensitivity, or true positive rate, upwards of 97% for both loading
cutoffs for intact versus rupture status. Second, rupture status of male and female
animals could be discerned based on different loading curve parameters (e.g., tibial
displacement peak force or post-injury displacement peak force). Finally, distinguishing
between a partial rupture versus a full rupture was more difficult due to the lower loads
achieved with each rupture state using our model. Prospective work would need to be
completed to confirm use of these ROC cutoffs moving forward. A benefit of this
assessment is that it allows for more reliable determination of ante mortem ACL rupture
than manual cranial drawer testing. This will give us more confidence during ACL
rupture, allowing for animals with incorrect ACL status to be removed from study

continuation.

Study Caveats and Summary

One limitation of this study not already addressed above is that our Phase 2 full-rupture
animals were only taken out to 14 days and, as such, we were not able to document
longer-term effects of our model. Future studies will include both full and partial rupture

animals at later time-points to more comprehensively characterize PTOA progression.
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Additional work will also consider whether long bone size or weight may factor into
rupture success, as it was noted that male and female mice had significantly difference
masses. Finally, randomization of time-points within cages will be utilized moving

forward.

In summary, the results from this study demonstrated development of both non-invasive
full and partial ACL rupture in mice of both sexes. Both rupture types occurred within the
mid-substance of the ligament, with no avulsion fractures noted macroscopically.
Following full ACL rupture, we noted signs of early PTOA progression by 14 days post
injury with behavioral changes at 1 day post injury that were minimized by 14 days post
injury. Importantly, this clinically relevant model provides a unique way to study both full
and partial mid-substance ACL ruptures in male and female mice and can be used to

tease out potential mechanisms that could be utilized for therapeutic intervention.
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Experiment 1: ACL Rupture Model Development

12 week old Male and Female Mice

/N

Pre-Conditioning  No-Preconditioning
N=10/sex N=10/sex

o

ACL Rupture
One Limb = 1.6mm displacement
One Limb = 2.0mm displacement

l

Euthanized Immediately

Macroscopic Assessment
Imaging

Experiment 2: Early PTOA Progression

12 week old Male and Female Mice

l

Pre-Conditioning

|

ACL Rupture
Right Limb = 2.0mm displacement
Left Limb = Naive

*14 day animals received Anymaze cage
monitoring at days 0, 1, 3, 7, and 14 post-op

Euthanized at 3, 7, or 14* days post-op
N=5/sex/time-point

Macroscopic Assessment
Imaging
Histology

Figure 2.1 Schematic of the noninvasive rupture model development experimental design. Animals were split into two
experimental phases; (Left) Phase 1: ACL Rupture Model Development and (Right) Phase 2: Early PTOA Progression.
Phase 1 animals received either pre-conditioning, or no pre-conditioning (n=10/sex) and limbs were randomly assigned to
either 1.6mm displacement of 2.0mm displacement. Animals were euthanized immediately and assessed macroscopically
and imaged. Phase 2 animals all received 2.0mm displacement, following pre-conditioning, on their right legs. Animals
were euthanized at 3-, 7-, or 14-days post injury (n=5/sex/time-point) with animals in the 14 days post injury group
receiving ANY-maze™ cage monitoring on days 0, 1, 3, 7, and 14 post injury. Following euthanasia knee joints were
assessed macroscopically, imaged, and evaluated histologically.

39



Before Tibial Displacement After Tibial Displacement

l Axis of Loading 1 Axis of Loading

Foot Cup Connection to

Connection to
(Lateral Cut Away) Actuator (Lazei:fégtuzway) Actuator
Foot Foot \:'
Tibia | Tibia
S Femur | i
™ = y S > |
Knee Cup (Lateral Cut Away) Knee Cup (Lateral Cut Away)
C. ‘ Control: No ACL Rupture ‘ ACL Rupture
"o @ ® @ e @ ® . @
0 I 0 e d
0 50 100 150 200 50 300 50 100 150 200 250 300
z z
° -1 ks 1
k 3 vomerrvnia
i Post-Injury
-2 2 Displacement
Peak Force (N)
3 . -3
Time (sec) 4 Time (sec)
Preconditioning Tibial Displacement
Peak Force (N) Peak Force (N)

Figure 2.2 (A) Custom setup to induce ACL rupture in anesthetized rodents. (B)
Pictorial representation for displacement of the tibia to incite an ACL rupture (2mm). (C,
left) Output loading curve for representative control animal including 1) preload, 2)
preconditioning, 3) no tibial displacement, and 4) negative (decrease in load) post-injury
displacement peak force (C, right) Output loading curve for full rupture including 1)
preload, 2) preconditioning, 3) tibial displacement, and 4) and positive (no load
changes) post-injury displacement peak force For output loading curves, data was
outputted at 1Hz; therefore, preconditioning, tibial displacement, and post-injury
displacement test phases demonstrate peak loads.
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A. Male Female
Resuit No Pre- Pre- No Pre- Pre-
Conditioning | Conditioning | Conditioning | Conditioning |
n=10 n=10 n=10 n=9
1.6mm Tibial Displacement
Partial 70% 67% 50% 89%
Full 30% 33% 50% 11%
Intact 0% 10% 0% 0%
2.0mm Tibial Displacement
Partial 30% 0% 30% 22%
Full 70% 100% 50% 78%
Intact 0% 0% 20% 0%

i . TR e 3 - e
Figure 2.3 (A) Table of success rates for incidence of partial, full, and the absence of ACL rupture, with and without
preconditioning as determined by macroscopic imaging. (B) Representative macroscopic images of intact, partial, and full

ACL ruptures (all right limbs).
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Figure 2.4 Receiver operating characteristics (ROC) were generated for each of the
loading curve parameters. (A) Breakdown of tibial displacement peak force (N) for all
groups distinguished between intact versus full or partial rupture. Tibial displacement
peak force (N) and post-injury displacement peak force (N) ROC cutoff points for
distinguishing between either a full and partial rupture in: (B) males with pre-
conditioning and (C) females with pre-conditioning. The p-values for significant
differences between groups are listed for each comparison.
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Right Injured

Left Control

Edema Limb size

Mouse #1

Edema

Mouse #2

Limb size Edema

Mouse #3

Limb size

Joint Space

Joint Space Edema
Right Knee Left Knee Change (Rvs. L) Right Knee
Mouse #1 3.61 mm3 3.18 mm? 12% 127.3 mm?
Mouse #2 3.23 mm3 2.89 mm3 11% 80.7 mm?
Mouse #3 4.24 mm? 3.52 mm? 19% 161.2 mm?

Figure 2.5 Representative MR images and image analysis on three animals at day 3
post-injury: (A) proton density (PD)-weighted coronal images on 3 male mice; (B) limb
volume assessment from 3D-reconstructed RARE-PD coronal slices; (C) water-only
DIXON (edema) images from the right and contralateral left limb in sagittal plane; with a
representative ROI of the joint space; (D) quantitative MR image analysis.
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Figure 2.6 Toluidine blue photomicrographs from control (left) and injured (right) limbs
3, 7-, and 14-days post ACL rupture (3DPI, 7DPI, and 14DPI, respectively). (A-D) Low
magnification image of whole knee joints from control (A, left column), 3-days (B, left
middle column), 7-days (C, right middle column), and 14-days (D, right column)
post ACL rupture. Injured limbs have diminished (A-D) femoral condyle convexity, (E-H)
mild femoral condyle articular cartilage degeneration, (I-L) mild medial tibial plateau
articular cartilage degeneration, (M-P) enthesophytes, (Q-T) reactive joint capsules, (U-
X) reactive synovial membranes, (Y-BB) meniscal degeneration and tears, and (CC-FF)
anterior cruciate ligament degeneration. A-D, 4x, bar=200um; E-H, 20x, bar=20um; I-
BB, 40x, bar=20um; DPI=days post injury.
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Figure 2.7 Median modified OARSI histopathology scores for OA, following full ACL
rupture on the right hind limb (black) of mice. Contralateral sham left limb scores (gray)
included for reference. Parameters with significant differences include: (A) Total Joint
Score, (B) Enthesophytes Score, (C) Menisci Score, and (D) Joint Capsule Score.
Significant differences over time labeled (*p<0.05, **p<0.005, ***p<.0005, ****p<.0001).
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Figure 2.8 ANY-maze™ cage monitoring parameters following full ACL rupture on the
right hind limb of mice. Parameters with significant differences include: (A) Time
Freezing (s), (B) Time in Hut (s), (C) Time on Top of Hut (s), and (D) Time Mobile (s).
Significant differences over time labeled (*p<0.05, **p<0.005).
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Chapter 3: TLR4 Antagonism Provides Short Term but Not Long-Term Clinical

Benefit in a Full Depth Cartilage Defect Mouse Model

3.1 Overview

Post-traumatic osteoarthritis (PTOA) is a debilitating condition affecting millions
of people worldwide. As there is currently no cure for this ailment, novel therapies are
needed to suppress the progression of pathology after joint injury. Our central premise
is that sterile inflammation mediated via damage associated molecular patterns
(DAMPs) and, subsequently, the Toll-like receptor 4 (TLR4) pathway is a principal driver
in the early progression of PTOA. We postulate that TLR4 activation is
initiated/perpetuated by damage associated molecular patterns released following joint
damage. Thus, antagonism of the TLR4 pathway or treatment with a TLR4 antagonist
immediately after injury may suppress the development of PTOA. To test this theory,
four groups were utilized: (1) 8-week-old, wild type mice treated with a known TLR4
antagonist; (2) and mice injected with a vehicle control. The right knee of each mouse
was scraped with an 18g needle on the midline of the patellofemoral groove to produce
a full-depth cartilage lesion. The left knee was used as a sham surgery control. Using a
quantitative gait analysis system, we evaluated gait changes over time. Following study
completion, animals were harvested, and knee joints were processed for Nanostring®
gene expression and pathologic assessment. We found that short term treatment with a
systemic antagonist of TLR4 significantly improved relevant gait parameters, and
improved cartilage metrics and modified Mankin OA scores implying modification of

clinical signs. Additionally, gene analyses showed reduced expression of inflammatory
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genes in animals treated with the TLR4 antagonist at 2-weeks post-injury. Collectively,
this work demonstrates that systemic treatment with a TLR4 antagonist mitigates

osteoarthritis 14-days post-injury in a murine model of induced disease.

3.2 Introduction

Post-traumatic osteoarthritis (PTOA) is a debilitating, degenerative condition
affecting more than 5.6 million people in the United States’-2. Following injury to the
knee, a person is 4.2 times more likely to develop PTOA in that joint, compared to an
uninjured joint>3. PTOA is characterized by clinical symptoms such as pain, swelling,
and decreased range of motion of the knee or affected joint. As a leading cause of pain
and disability, PTOA is a major contributor to a decreased quality of life*. Notably, loss
of mobility associated with PTOA can increase the risk of a multitude of other ailments
including heart disease and diabetes®. To date, there is no cure for this disease, which
highlights a critical need for novel therapies to mitigate the progression of pathology of
OA after injury. Current treatments for PTOA, such as nonsteroidal anti-inflammatory
drugs (NSAIDs) and corticosteroids, do not change the progression of the disease but
help to alleviate symptoms. Unfortunately, long-term administration of these drugs is

associated with severe adverse side effects®.

For this study, we focused on injury-induced sterile inflammation associated with
PTOA'-, with an emphasis on innate immune responses mediated through the toll-like
receptor 4 (TLR4) pathway. Toll-like receptors are a critical aspect of the innate immune

system. They belong to a class of receptors called pattern-recognition receptors and are
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responsible for recognizing conserved or invariable structures known as pathogen-
associated molecular patterns. Some TLRs, such as TLR4, can also detect some host-
derived molecules that occur following injury called damage-associated molecular
patterns (DAMPs)'%1" Importantly, TLR4 is highly expressed by a variety of immune
cells including macrophages, monocytes, and dendritic cells'?. Cells within the joint also
express TLR4 including chondrocytes, synoviocytes and osteoblasts and it has also
been shown that TLR4 is increased within the cartilage during the development of OA,
indicating a probable role for TLR4 during OA progression®. While the role of TLR4 in
recognizing bacterial pathogens through recognition of their lipopolysaccharide (LPS)
membrane and the associated signaling cascade is well established® 13- it is
established that other molecules that may bind the TLR4 receptor, thereby initiating a

negative innate immune system response.

We expect that TLR4 activation is initiated and perpetuated by the release of
extracellular matrix fragments, such as low molecular weight fragments of hyaluronan
and fibronectin, as well as released intracellular proteins and fractionated blood
products'®. These molecules are collectively known as damaged associated molecular
patterns (DAMPs), which are released after tissue damage. TLR4 is not only found on
immune cells®'7, but this receptor is also expressed on chondrocytes'®, synoviocytes'

and osteoblasts'®, indicating a role in joint morphology and a potential role in OA.

Importantly, a variety of TLRs, including TLR4, are upregulated in OA patient

synovium?%:21 which is important as synovitis has been correlated with severity of
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cartilage damage??. TLR4 has also been shown to be increased in the cartilage of OA
patients?3?4, including damaged areas of cartilage?®. As cartilage damage is a hallmark
feature of OA progression, the mouse model used in this study utilizes a mouse full
depth cartilage regeneration model?®, which creates a cartilage lesion without added
joint instability. Utilization of this model allows for the assessment of TLR4 antagonism
as a potential way to decrease sterile inflammation leading to decreased chondrocyte
apoptosis, collagen degradation and other cartilage specific features of PTOA

progression.

Prior studies have demonstrated that short term administration of a TLR4 antagonist in
a sodium mono-iodacetate induced rat model of joint degeneration showed decreased
movement-induced nociception; however, no effect on cartilage loss was noted at up to
2 weeks following antagonist administration?’. Additionally, a mouse model of lower
back pain and disc degeneration demonstrated that chronic TLR4 antagonism
decreased behavioral signs of back pain and decreased secretion of proinflammatory
cytokines?®. To date, however, few TLR4 PTOA studies have focused on cartilage repair
and defect at early time points. Current published TLR4 knockout studies show
potentially conflicting and contradictory results. A TLR4 knockout study of PTOA
induced by knee meniscectomy did not see a difference in cartilage lesions, synovial
inflammation, and cartilage metabolism at 8-weeks post-surgery?®. Additionally, a
destabilization of the medial meniscus study concluded similar results after 16 weeks
post-surgery°. Interestingly, studies looking at shorter timepoints in a temporal-

mandibular joint (TMJ) OA model saw that inhibition of TLR4 decreased cartilage
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damage in the model®'. Therefore, for this study, we focused on TLR4 antagonism at

early timepoints in a PTOA model.

Our central premise is that sterile inflammation mediated via DAMPs and, subsequently,
the Toll-like receptor 4 pathway is a principal driver in the early stages of PTOA
progression. We hypothesized that animals injected with a TLR4 antagonist will have
decreased whole knee joint histopathology scores after post-traumatic injury compared
to saline injected animals along with improved healing of the full depth cartilage lesion,

with benefit primarily seen at earlier timepoints.

3.3 Materials and Methods

Animals

All procedures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals and approved by the university’s Institutional Animal Care and Use
Committee. Thirty-two 8-week-old, male C57BI/6J mice (Jackson Laboratories) were
used in this study. All mice were group housed in solid bottom cages and allowed ad
libitum water and standard rodent chow. Animals were housed at a 12-12h light-dark
cycle, 20-26° C temperature, and 30-70% humidity. Mice were assessed by a
veterinarian daily. Animals were euthanized via CO2 inhalation and confirmed by

cervical dislocation at designated time points.
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Strategy

Mice were randomly assigned to two groups of 16 mice: (1) negative control group,
receiving intraperitoneal saline, only; and (2) treatment group, receiving intraperitoneal
injections of lipopolysaccharide from Rhodobacter sphaeroides (ultrapure LPS-RS), a
well-characterized TLR4 antagonist 32:33, Animals were evaluated at 2-weeks and 4-

weeks post-surgery (n=8/group per time point).

Surgical manipulation of the knee joint

The right knee of 8-week old male mice were injured utilizing a previously published
surgical injury model?®. 8-week-old mice were used to match the aforementioned study.
After medial parapatellar arthrotomy, the patella was luxated laterally, permitting access
to the femoral groove. Cartilage was removed from the midline of the femoral groove via
a single, controlled “scraping” motion with an 18g needle that has been modified to
provide uniform defect depth. The patella was repositioned, and the incision closed. An
identical sham procedure, without cartilage defect, was performed on the left knee,

which served as an internal control for each animal.

Intraperitoneal injection of LPS-RS

The dose and frequency of ultrapure LPS-RS in this study has been previously shown
to be effective in blocking TLR43233, Each mouse in the treatment group received 1 ug
LPS-RS (Invitrogen) in 100 uL sterile saline via intraperitoneal injection every 3 days

until termination starting immediately after surgery. Negative control mice received an

intraperitoneal injection of an equivalent volume of sterile saline. Alternative doses and
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frequency of LPS-RS administration were evaluated in a pilot study (Supplemental
Figure 3.1); however, increased benefit was not observed to justify modifying dosage

for this study.

Gait analysis to determine functional mobility

Videographic gait analysis is an objective, sensitive, and reproducible means of
monitoring joint pathology in rodent models of OA, particularly when a treadmill is
utilized to normalize walking speeds®*. This technique has been shown to be reliable for
clinically relevant evaluation of movement-related nociception, the hallmark of OA-
induced pain®S. Animals were acclimated to a treadmill-based gait analysis system
DigiGait™ (Mouse Specifics, Inc., Framingham, MA) over 1 week, during which
baseline was collected, with data collection occurring on days 7, 14, 21, and 27 post-
surgery. The order of which animals were utilized for gait analysis at each time point
was randomly selected. Paw statistics, automatically calculated by associated software,
were collected for all mice walking at 30 cm/s at O degrees incline. Prioritized gait
parameters included: Stance (s), Brake (s), Propel (s) and min dA/dt (a measure of the
maximal rate of change of paw area during the propulsion phase, an indication of a

clinical “limp”); additional parameters provided in Supplemental Figure 3.2.

Macroscopic imaging of femoral joint pathology

Knee joint tissues were dissected with care to avoid damage to articular surfaces and
preserve peri-articular tissues. India Ink was applied to all surfaces followed by surface

photography using a VWR Trinocular inverted microscope with a Moticam X wireless
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camera and the Motic Live Imaging Module (Richmond, BC). India ink was used to
visualize damage to the patellofemoral groove as it adheres to damaged tissues. High-
resolution photography focused on the areas of the femoral groove that were damaged

during injury (Supplemental Figure 3.3).

Histologic assessment of knee joints

Structural and histopathological evaluation of the articular cartilage of the surface of the
patellofemoral groove was performed. Limbs were fixed in 10% neutral buffered
formalin followed by decalcification in EDTA/PBS and paraffin embedding. Five ym
transverse sections were cut on a microtome, deparaffinized, and stained with Safranin-
O/Fast Green. A veterinary pathologist (KSS) graded sections using the modified
Mankin score®. Abnormalities were evaluated blinded to experimental group, paying
particular attention to patella groove margins and any associated cartilage surface
changes (new deposition, roughening, or erosion). Additional measurements of stained
histology sections were made using Olympus cellSens software (Olympus Life

Science).

Gene expression of knee joints using NanoString technology

Total RNA was extracted from remaining joint structures, sans femur, using TRIzol
reagent and RNeasy Mini Kit (Qiagen, Hilden, Germany). Tissue was homogenized
using a Qiagen TissuelLyser and spherical ball bearings kit. RNA was quantified
spectrophotometrically with a NanoDrop™ 2000 (ThermoFisher Scientific, Waltham,

MA). Total RNA was sent to the University of Arizona Genetics Core for analysis. The
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premade mouse nCounter® Inflammation Panel by NanoString was utilized to evaluate
total RNA. Data analysis was performed using nSolver™ software provided by
NanoString Technologies. Results, reported as absolute transcript counts, were

normalized to standard mouse housekeeping genes.

Statistical Analyses

All data was subjected to normality testing via the Shapiro-Wilk test. Gait analysis was
performed by two-way ANOVA and mixed-effects analysis with Sidak correction.
Histopathology scoring and measurements was assessed by two-way ANOVA with
Sidak correction for multiple comparisons. For Nanostring data, a two-way ANOVA and
multiple comparisons with Sidak correction was performed to view between group
differences. Statistical significance was set at P < 0.05. All statistical analyses were
performed with Prism (version 9.3.1; Graph Pad Software, La Jolla, CA). Genes with an
adjusted p-value of <0.1 were aligned with KEGG pathways on string-db.org to
determine pathways that included genes of interest. Formal pathway analysis and

statistical analysis was not conducted on pathway hits.

3.4 Results

Evaluation of femoral joint pathology

Subjectively, histopathology demonstrated increased Patellofemoral articular cartilage
proteoglycan staining in unaffected surfaces but decreased defect fibrocartilage

development in mice injected with the TLR4 antagonist (Figure 1B) versus vehicle
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control (Figure 1A). at 2 weeks post-surgery (Figure 1B). By 4 weeks post-surgery,
cartilage healing and proteoglycan staining appeared similar between both sterile saline

injected animals and LPS-RS injected animals (Figure 1C and D).

Total modified Mankin OA scoring indicated decreased OA progression at 2-weeks post
injury for animals treated with LPS-RS versus sterile saline (Figure 2A). Components of
the modified Mankin score showed significant differences between groups at 2-weeks
post-injury for cellular abnormalities (Figure 2C) and matrix staining (Figure 2D), but
not structure score (Figure 2B). Gross evaluation of the joint pathology two-weeks post-
surgery demonstrated increased India ink staining in sterile saline treated animals
compared to LPS-RS treated animals; no major visual difference between groups was

seen by four-weeks post-surgery (Supplemental Figure 3.3).

Features from the stained histopathology sections were measured/quantitated to
compare defect and cartilage features between groups (Figure 3A). Interestingly, saline
injected control animals did show increased fibrocartilage formation at 2 weeks post-
injury (Figure 3B, p=0.0190); this was not present at 4 weeks. Measurements of
cartilage unaffected by the original defect indicated that average cartilage thickness in
animals treated with LPS-RS trended towards thicker cartilage at 2-weeks post-surgery
(p=0.0819) and demonstrated significantly increased cartilage thickness by 4 weeks
post-surgery (Figure 3C). To determine the proportion of the defect that was filled with
fibrocartilage, the percent of the defect that was filled was calculated. At 2-weeks post-

injury, sterile saline injected animals trended towards having more %filling than the
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LPS-RS injected animals (p=0.0610). Interestingly, this trend reversed by 4-weeks post-
injury to show that LPS-RS treated animals had a higher %filled than saline injected
animals (Figure 3D, p=0.0647). Importantly, consistency in surgical defect creation
across animals was confirmed, as: (i) defect depth did not differ between groups
(Figure 3E) and (ii) no significant differences were noted at either timepoint for average

length of remaining articular cartilage (Figure 3F).

Gait analysis to determine functional mobility

Locomotion parameters were assessed using a Digigait treadmill system where mice
ran at 30cm/s on a flat surface (0 degrees incline/decline). The Digigait system divides
an animal’s stride into two main components: swing time (the amount of time during a
full stride where the limb is not in contact with the ground) and stance time (the amount
of time during which the limb is in contact with the belt). A short-term decrease in stance
(s) was seen in the sterile saline group at one-week post-surgery (p=0.004) but resolved
at later timepoints (Figure 4A). When subtracted from baseline no significant
differences were seen between groups for either swing (s) (Supplemental Figure 3.2)

or stance (s) (Figure 4B).

The stance stage of an animal’s stride can be further broken down into brake and
propel. Brake is the portion of the stride when the foot initially touches the belt until the
foot is fully flat; the propel portion of the stride starts once the foot is fully flat on the belt
until the foot fully comes off the belt. Compared to baseline data (Day 0, immediately

prior to surgery), gait analysis revealed increased brake (s) starting at 2 weeks-post

63



injury for sterile saline injected animals; this persisted through the duration of the study
(Figure 4C). LPS-RS treated animals did not show a difference in brake (s) until 3
weeks post injury (Figure 4C). Additionally, after correcting for differences in each
animal’s individual baseline, brake (s) was different (p=0.0665) between LPS-RS
treated group compared to control at 2 weeks post-injury (Figure 4D). Complementary
results were seen when looking at propel (s). Sterile saline treated animals
demonstrated a significantly decreased propel (s) from baseline starting at 1-week post-
surgery and persisting through the duration of the study, while LPS-RS treated animals
did not differ from baseline until 3 weeks post injury (Figure 4E). Similarly, at 2 weeks
post-injury propel (s) was significantly different (p=0.0169) between the LPS-RS treated

group compared to the sterile saline control group at 2 weeks post-injury (Figure 4F).

Another Digigait parameter of interest is min dA/dt, which indicates how rapidly the
animal propels itself onto the next step. A decreased min dA/dt value is indicative of a
limp. Sterile saline animals demonstrated a significantly decreased min DA/dt from
baseline starting at 1-week post-surgery, which lasted the duration of the study (Figure
4G). In contrast, LPS-RS treated animals-maintained baseline min dA/dt levels until 3
weeks post-surgery (Figure 4G). Importantly, at 2 weeks post-surgery, min dA/dt in
LPS-RS treated animals was significantly increased (p <0.0001) from sterile saline

control animals (Figure 4H).
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Gene expression of knee joints

Nanostring gene expression was conducted on remaining knee joint structures, sans
femur, using a mouse inflammation panel. A total of 16 genes were different at 2 weeks
between saline control animals and LPS-RS treated animals (Figure 5 and Table 1).
Genes with an adjusted p-value of <0.1 were aligned with KEGG pathways on string-
db.org, and many genes at 2 weeks post-surgery were contained in pathway hits within
cytokine-cytokine receptor interaction, IL-17 signaling pathway, complement and
coagulation cascades, TNF signaling pathways, and NOD-like receptor signaling
pathways (Table 2). By 4 weeks post-surgery, only 2 genes demonstrated significantly
different RNA transcript counts between saline control animals and LPS-RS treated

animals (Table 1).

3.5 Discussion

This study demonstrated that, at 2 weeks post-surgery, mice injected with the
TLR4 antagonist demonstrated decreased OA progression and increased cartilage
thickness around the surgical defect. A difference between OA scores between saline
control animals and TLR4 antagonist treated animals was no longer visible by 4 weeks
post-surgery, although animals treated with LPS-RS persisted in having an increased
cartilage thickness. Importantly, the chosen PTOA model provided a full depth cartilage
lesion without joint biomechanical instability. This allows us to view TLR4 antagonist
effects following cartilage injury, without the added repeated damage that occurs after

joint stability is lost.
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Prior TLR4 antagonism studies have demonstrated variable and conflicting results. One
study saw that TLR4 antagonism 14 to 28 days following OA induction by sodium mono-
iodoacetate injection, decreased movement induced nociception but saw no effect on
cartilage loss?’. Similarly, TLR4 knockout mice that had PTOA induction by knee
meniscectomy saw no difference in cartilage lesions, synovial inflammation and
cartilage metabolism when compared to age-matched menisectomized wild-type mice
8-weeks post-surgery?®. Another TLR4 knockout study saw similar results following
PTOA induction by the destabilization of the medial meniscus (DMM) surgery. After 16
weeks that study concluded that mice were not protected from either mechanical
allodynia or DMM associated joint damage?®°. Conversely, a study looking at shorter
endpoints with a TMJOA mouse model, saw that injections with a TLR4 inhibitor
ameliorated the reduction of cartilage proteoglycans at 2-, 4- and 6- weeks post-OA
induction®'. In the aforementioned study, the most drastically significant results were
seen at both 2- and 4- weeks post-OA induction, with results at 6-weeks post-OA
induction still being significant. Importantly, in our study, we saw a trend for increased
average cartilage thickness around the defect in mice treated with a TLR4 antagonist
compared to saline injected control mice at 2-weeks post-surgery. Interestingly, this
increase in cartilage thickness persisted to 4-weeks post-surgery. Additionally, mice
treated with a TLR4 antagonist showed decreased total modified Mankin score at 2-
weeks post-surgery, but not 4-weeks, specifically in the subcategories of cellular
abnormalities and matrix staining. We hypothesize, based on our results and historical

TLR4 knockout/antagonism findings, that TLR4 plays an early role in PTOA
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development. Early intervention with a TLR4 antagonist may be beneficial, with benefits

waning further into the course of PTOA progression.

Loss of mobility and painful locomotion are primary complaints from patients suffering
from PTOA®*. As such, tracking mobility and gait related changes is an important
complementary assessment of treatment benefit along with histological changes.
Videographic gait analysis is an objective, sensitive, and reproducible means of
monitoring joint pathology in rodent models of OA, particularly when a treadmill is
utilized to normalize walking speeds34. This is especially important as histological and
radiographical changes and severity of joint changes do not always correlate to the
intensity of the clinical symptoms reported by the patient®’. Importantly, the TLR4
pathway has some nociception association and treatment with a different TLR4
antagonist has been shown to reduce movement-induced nociception in a rat injection-
based OA model?’. Rodents, and other quadrupeds, tend to move with a balanced and
symmetrical gait and as such gait analysis systems can be used to access mobility and
function3?. Loss of symmetrical gait and alterations in gait can be an indicator of pain
and/or compensation to protect an injured limb3°4°. Notably, animals treated with LPS-
RS maintained gait parameters similar to baseline through 2-weeks post injury.
Additionally, saline injected control animals demonstrated a difference in brake (s),
propel (s) and Min dA/dt compared to LPS-RS treated animals at 2-weeks post injury,
though this difference was mitigated by 4-weeks post injury. As such, it appears that
LPS-RS treatments allows for short term, up to 2 weeks, pain modulation, that returns to

control levels by 4 weeks post injury.
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Nanostring gene expression using the mouse inflammation panel demonstrated
decreased RNA counts in inflammatory genes within animals treated with a TLR4
antagonist, primarily at 2 weeks post-injury. Interestingly, KEGG pathway analysis of
modulated genes demonstrated that six genes at two-weeks post-injury were direct
members of the complement pathways. This is important as the toll like receptor
pathways and complement pathways have previously been demonstrated to interact
and cross-talk between each other*'. Interestingly, TLR4 specifically has been shown to
regulate extrahepatic complement production*?. Additionally, a variety of complement
factors have been implicated in the joint inflammation seen with OA*3. As such,
treatment with a TLR4 antagonist, decreased inflammatory gene transcripts within the

joint.

Other pathways of interest that were decreased at two weeks post-injury with LPS-RS
treatment were genes involved in cytokine-cytokine receptor interaction and the IL-17
signaling pathway. We saw a significant decrease in C-C Motif Chemokine Ligand 2
(CCL2, also known as MCP-1), a gene present in both aforementioned pathways,
following treatment with LPS-RS compared to saline treated animals at 2 weeks post-
surgery. Importantly, TLR4 activation has been directly linked to increased CCL2
production**, Other members of these pathways, including C-C Motif Chemokine Ligand
7 (CCL7), have also been implicated in PTOA progression along with CCL245-46.

Interestingly, CCL2 has been shown to play a role in post-traumatic osteoarthritis pain in
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a destabilization of the medial meniscus mouse model as CCL2 knockout mice

demonstrated delayed onset of pain-related behavior*’.

Previous work has suggested that TLR4 signaling in the spine contributes to
neuropathic sensitivity in male, but not female mice*®. In contrast, when LPS-RS was
injected into the hind paw, equivalent allodynia results were viewed in both sexes*. As
this study focused exclusively on male mice, future work will be required to determine if
similar results are found with systemic injection of LPS-RS, a TLR4 antagonist, in
female mice. Additionally, this study utilized systemic intraperitoneal injections of the
TLR4 antagonist. There is the possibility that intraarticular injections may give more
robust and longer lasting therapeutic effects, as it may allow for the TLR4 antagonist to
affect the tissue and location of interest more specifically and directly. The authors
would also like to reiterate that the model used for this study was intended to examine
proof of principle from a cartilage perspective. A full defect cartilage model does not
provide any clinical model relevance but allowed us to examine TLR4 antagonism on

cartilage response in the absence of joint instability.

Collectively, this work demonstrates that systemic treatment with a TLR4 antagonist
mitigates osteoarthritis 14-days post-injury in a murine model of induced disease.
Therefore, we support our hypothesis that TLR4 activation contributes to the
pathogenesis of PTOA. Importantly, TLR4 antagonism provides short, but not long-term
clinical benefit in a full depth cartilage lesion model of post-traumatic osteoarthritis.

Gene expression profiling showed a decrease in inflammatory genes, including several
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within the toll-like receptor pathway in mice injected with a TLR4 antagonist. Given this,
we conclude that post-injury interruption of the TLR-DAMP interaction may serve as a
novel therapy for preventing the onset and progression of secondary osteoarthritis.
Additionally, future work should look at producing a ‘cocktail’ or sequentially timed

administration of antagonists and drugs for extended clinical improvement.
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Figure 3.1: Safranin O/Fast green stained photomicrographs from sterile saline injected
animals (left) and TLR4 antagonist injected animals (right). Images of femoral condyles
for evaluation of cartilage and defect surfaces. Representative image of animals two-
weeks post-injury (top) treated with sterile saline (A) or LPS-RS (B). Animals four-
weeks post-injury (bottom) treated with sterile saline (C) or LPS-RS (D). 10X, bar =

50um.
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Figure 3.2: Modified Mankin histopathology scores following a full cartilage defect and
treatment with sterile saline (blue) or LPS-RS (red). Parameters listed include total
modified Mankin score (A), structure score (B), cellular abnormalities score (C), and
matrix staining score (D). Significant differences are labeled with p-values <0.05.
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Figure 3.3: Measurements of histopathology images. Representative image with
measurement locations noted (A), measurement legend as follows (1) full defect depth,
(2) fibrocartilage height, (3) cartilage height, and (4) cartilage length. Measured
parameters listed following treatment with sterile saline (blue) or LPS-RS (red) include
fibrocartilage height (B), average cartilage thickness (C), %filled (calculated as
fibrocartilage height, divided by full defect depth, times 100) (D), full defect depth (E),
and average cartilage length (F). P-values <0.1 are notated on figures B-F.
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Figure 3.4: Digigait controlled treadmill walking at 30cm/s at a 0-degree
inclined/declined (flat). Parameters of interest are shown both overtime and between
groups for stance (s) (A, B), brake (s) (C, D), propel (s) (E, F), and Min dA/dt (G, H).
Sterile Saline treated animals are labeled in blue with LPS-RS treated animals labeled

in red. Significant differences noted, with p-values shown <0.1.
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Figure 3.5: NanoString gene analysis of specific inflammatory genes following
treatment with either sterile saline (blue) or LPS-RS (red). Gene expression levels are
expressed as normalized transcript counts. Some genes of interest are presented
including Complement C1q A Chain (C1qa) (A), Complement C1q B Chain (C1gb) (B),
Complement C2 (C2) (C), C-C Motif Chemokine Ligand 2 (CCL2) (D), C-C Motif
Chemokine Ligand 7 (CCL7) (E), Hemolytic Complement (HC) (F), C-X-C motif
chemokine ligand 10 (CXCL10) (G), 2'-5' oligoadenylate synthetase 1A (Oas1a) (H),
and 2'-5' oligoadenylate synthetase-like 1 (Oasl1) (I). Significant differences noted, with
p-values shown <0.1.
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Table 3.1: Table of NanoString genes with an adjusted p-value of <0.05 at either 2- or 4-weeks post-injury

Gene Name Gene Timepoint Adjusted p- Decreased in LPS-RS
Symbol Significant value treated group
C-X-C motif chemokine ligand 10 CXCL10 2 Weeks 0.0026 YES
2'-5' oligoadenylate synthetase 1A Oasla 2 Weeks 0.0093 YES
2'-5' oligoadenylate synthetase-like 1 Oasl1 2 Weeks 0.0112 YES
Interferon-induced protein 44 IFl44 2 Weeks 0.0113 YES
C-C Motif Chemokine Ligand 2 Ccl2 2 Weeks 0.0145 YES
Complement C1q B Chain C1gb 2 Weeks 0.02 YES
C-C Motif Chemokine Ligand 8 Ccl8 2 Weeks 0.0219 YES
Interferon-Inducible GTPase 1 IGP1 2 Weeks 0.0242 YES
C-C Motif Chemokine Ligand 7 Ccl7 2 Weeks 0.0262 YES
Nitric Oxide Synthase 2 Nos2 2 Weeks 0.0389 YES
Complement C1q A Chain C1ga 2 Weeks 0.0424 YES
Interferon induced protein with Ifit3 2 Weeks 0.0438 YES
tetratricopeptide repeats 3
Complement C3a Receptor 1 C3AR1 2 Weeks 0.0446 YES
Interferon-induced protein with Ifit1 2 Weeks 0.0457 YES
tetratricopeptide repeats 1
Complement C2 C2 2 Weeks 0.0486 YES
Hemolytic Complement HC 2 Weeks 0.049 YES
Heat shock protein beta-1 HSPB1 4 Weeks 0.0223 YES
CCAAT Enhancer Binding Protein Beta CEBPB 4 Weeks 0.0313 YES
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Table 3.2: Table of KEGG Pathway hits on genes with an adjusted p-value of <0.1 at 2 weeks post-injury

KEGG Pathway Number of Genes Genes
with adjusted p-
value <0.1 in

pathway
Cytokine-cytokine receptor 7 Ccl2, Ccl7, Ccl8, Ccl11, Ccl20,
interaction Cxcl10, lir1
IL-17 signaling pathway 6 Ccl2, Ccl7, Ccl11, Ccl20, Cxcl10,

Mmp3

Complement and 6 C1qga, C1gb, C2, C3ar1, Cfb, HC
coagulation cascades
TNF signaling pathway 4 Ccl2, Ccl20, Cxcl10, Mmp3
NOD-like receptor 4 Ccl2, Irf7, Oas1a, Oas2

signaling pathway
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Chapter 4: Erythrocyte Removal from Bone Marrow Aspirate Concentrate
Improves Efficacy as Intra-Articular Cellular Therapy in Rodent Osteoarthritis

Model

4.1 Overview

Despite the high prevalence of osteoarthritis (OA), there remains a need for
additional therapeutic options. Cellular therapies with minimally manipulated cells such
as bone marrow aspirate concentrate (BMAC) are increasingly popular in the U.S. but
clear-cut evidence of efficacy has not been established. In theory BMAC injections
provide a source of stem cells to stimulate healing in OA and ligamentous injuries but
BMAC injections are also often associated with inflammation and short-term pain and
mobility impairment. Given that blood is known to trigger inflammation in joints, we
hypothesized that removing erythrocytes (RBC) from BMAC preparations prior to intra-
articular injection would improve the efficacy for OA treatment. To test this hypothesis,
BMAC was collected from the bone marrow of mice, and either depleted of RBC by
ACK lysis, or untreated, and then injected into the femorotibial joint of mice where OA
had been induced by destabilization of the medial meniscus (DMM). To assess the
impact of BMAC treatment on joint function, individual cage monitoring (ANY-maze) and
Digigait gait analyses were performed over four weeks. At study completion joint
histology was assessed. Significant improvements in activity and gait parameters and
histology scores were seen in animals receiving RBC-depleted compared to untreated
mice, whereas animals treated with non-depleted BMAC did not experience significant

improvement. These findings indicate that RBC depletion in BMAC prior to intra-articular
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injection improves treatment efficacy in an animal model of OA and may have

translational therapeutic potential for humans suffering from similar disease processes.

4.2 Introduction

Osteoarthritis (OA) is a multifaceted disease process impacting more than 10% of the
US adult population and is highly associated with pain, disability, and economic
burden'2. Current options to treat OA include nonsteroidal anti-inflammatories, intra-
articular injections of corticosteroids or biological therapies, and arthroscopic
debridement with chondral resurfacing techniques®. Despite the high prevalence of OA,
there remains a lack of effective treatment options that offer pain relief and improve
quality of life without the risk of significant adverse effects (e.g., gastrointestinal side
effects associated with nonsteroidal anti-inflammatory use). Cellular therapies, in many
cases touted as “stem cell therapy”, for treatment of OA and other chronic orthopedic
conditions have emerged as an attractive new option in both human and veterinary
surgery*®. While cellular therapy is increasingly popular, efficacy remains unclear due to
variability in composition of cellular products and lack of consistency in terms of study

design supporting different therapies.

Increased FDA regulation of cellular therapies has prompted evaluation of minimally
manipulated treatments. Currently, biological therapies employed for human OA include
autologous bone marrow aspirate concentrate (BMAC) and enriched autologous platelet

products*®°-11. Bone marrow aspirate concentrate has demonstrated benefit in healing
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full thickness cartilage defects in both animal models with full-thickness cartilage
defects'?'3 and human clinical patients with naturally occurring disease'2°. In equine
models of induced full-thickness chondral defects, BMAC treatment resulted in
improved macroscopic and histologic scoring of cartilage tissue quality with greater
type-Il collagen content and improved orientation of the collagen as compared to
microfracture alone'? and reduced surgical trauma to subchondral bone™3. It was further
suggested by the authors of the paper that ‘given the few mesenchymal stem cells in
minimally manipulated BMAC, other mechanisms such as paracrine, anti- inflammatory,
or immunomodulatory effects may have been responsible for the tissue regeneration
observed'.” In clinical patients, BMAC has demonstrated therapeutic potential in
several orthopedic conditions following intra-articular injection, including knee and spinal

OA2?"-2% in uncontrolled, open-label trials?*.

The cellular product BMAC consists of a mixture of multiple different cell types,
including red blood cells (RBC), stromal cells, immune cells (macrophages, neutrophils,
B and T lymphocytes), and true hematopoietic stem cells, all of which are concentrated
by the centrifugation and washing steps required to prepare BMAC®. Although BMAC is
used as a cellular therapy, along with PRP therapy, in the management of acute and
chronic OA in humans, the individual contribution of the diverse cell populations in
BMAC in suppressing inflammation and stimulating cartilage repair has not been
established*2%27, Of note, BMAC injections are reportedly highly inflammatory and
anecdotally result in significant morbidity following injection in many recipients?>. Indeed,

numerous previous studies have highlighted the role that hemarthrosis plays in joint
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degeneration, demonstrating blood-induced joint damage with increased levels of pro-
inflammatory cytokines and eventual cartilage degradation?®-4%. Thus, we hypothesized
that the RBC component within BMAC might interfere with the potential benefits of the
overall cellular therapeutic effects of BMAC. If it was shown the RBC elimination
improved the efficacy of BMAC in a rodent model, it might be possible to remove RBCs

from BMAC clinically to improve activity in patients.

Therefore, the overall objectives of this work were: (i) to compare the relative anti-
inflammatory properties of RBC-lysed and non-lysed BMAC in vitro assays; and (ii) to
determine whether RBC-removal improved the efficacy of BMAC in a rodent DMM
model of OA. The results of these studies could improve cellular therapies for OA by

providing mechanistic understanding of optimal BMAC cellular therapies.

4.3 Materials and Methods
All procedures were approved by the Colorado State University Institutional
Animal Care and Use Committee (protocol #1017) and were performed in accordance

with the NIH Guide for the Care and Use of Laboratory Animals.

In vitro assays for BMAC-induced inflammatory responses.

In vitro assays using macrophages as the indicator cells were used to assess the
relative immunogenicity (cytokine release) of BMAC and RBC-depleted BMAC. BMAC
was prepared from mouse bone marrow from two 12-week-old (skeletally mature) male

C57BL/6Nci mice (Charles River Laboratories, Wilmington, MA), as described for
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preparation of human BMAC*®. BMAC and RBC-depleted BMAC preparations were
added at 1:3 ratio to mouse AMJ murine alveolar macrophages (ATCC) cultured in
RPMI media (10% fetal bovine serum (FBS) + glutamine)*®4” and plated at a density of
2x10° macrophage cells per triplicate wells of 96-well plates in complete DMEM culture
medium, as described recently*®-5'. Controls included macrophages cultured in
complete DMEM media alone and RBC-depleted BMAC. After 48h in culture,
macrophage supernatants were assayed for TNF-a concentrations by ELISA, according

to manufacturer’s instructions.

Animals

Studies were done using 12-week-old male and female C57BL/6Nci mice (Charles
River Laboratories, Wilmington, MA). Thus, this study considered sex as a biological
variable, as male mice develop PTOA more severely in the DMM model than female
mice®2. Animals were housed together by sex in groups of five in solid bottom cages
with corncob bedding and allowed ad libitum water and standard rodent chow. Mice
were assessed by a veterinarian daily with body weights monitored weekly. At the
conclusion of the study, mice were euthanized via CO2 inhalation with confirmation by

cervical dislocation.

Bone marrow collection and preparation of BMAC

Bone marrow was collected from the tibia and femur of 12 healthy mice (two mice per
treatment group and per sex) by extrusion with a #27 needle. The cell suspension was

processed to produce BMAC using two centrifugation steps, as described previously®.
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Destabilization of the medial meniscus model of OA

Osteoarthritis was created in mice using a well-established method by destabilization of
the medial meniscus (DMM)>33. To perform DMM, the right stifle (knee) of all mice was
injured as previously described®. After medial parapatellar arthrotomy, the infrapatellar
fat pad was temporarily repositioned laterally, allowing access to the anterior medial
meniscotibial ligament. This ligament was severed using a #11 scalpel blade. The IFP
was repositioned, and the incision closed using 6-0 monofilament absorbable suture in

simple interrupted pattern. Opposite limbs served as naive controls.

Intra-articular cell injections

Purified cell populations from BMAC were counted and 250,000 cells of each population
(complete versus RBC-depleted BMAC) were suspended in 10ul PBS for each intra-
articular injection (one joint per mouse injected). Mice were anesthetized with isoflurane
and injections were done using a 30# needle and a Hamilton syringe. Control mice were

anesthetized but not injected.

Gait and activity monitoring to assess OA severity

Mice were monitored for three weeks following intra- articular injection by two methods:
individual cage monitoring and Digigait gait analysis. To determine general animal
behavior and mobility, each mouse underwent individual cage monitoring for 10 minutes
weekly during the experimental time-course. In all cases, animals were placed in their

resident cage with their environmental enrichment hut for the duration of the
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assessment. Animals were acclimated to the system over one week, after which one
baseline measurement was collected immediately before the start of the study. Animals
received testing on days 14, 21, and 27 post DMM surgery. Training and data collection
occurred randomly among animals during the same time of day (8am — 12pm) and
involved the same handlers. The video analysis software (ANY- maze, Wood Dale, IL)
automatically collected mobility parameters including, total distance traveled, mean

speed, time in hut, and entries to the top of hut.

Animals were monitored for gait abnormalities using the Digigait analysis system
(Mouse Specifics, Inc., Framingham, MA) [26]. Briefly, animals were placed on a
treadmill at 35cm/s (flat or 10° inclined; three runs per time point for each grade) and
video recorded for analysis. Animals were acclimated to the system over 1 week, during
which baseline was collected in triplicate at one timepoint immediately prior to starting
the study. Subsequent DigiGait data collection occurred on days 14, 21, and 27 post-
surgery. Animal testing order was randomly selected at each timepoint for data
acquisition and testing occurred during the same time of day (1pm — 4pm) and involved
the same handlers. Data processing was performed using Digigait software. Parameters

evaluated included % swing stride, % stance stride, % brake stride, and % propel stride.

Joint histology and immunohistochemistry

Knee/stifle joints were fixed in 10% neutral buffered formalin for 24 hours, followed by
decalcification in EDTA and paraffin embedding. Sections (5um) were taken from the

center of the medial tibial plateau and stained with toluidine blue. Histological grading of
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joint tissues was conducted using established criteria for OA and were completed by

two blinded, independent individuals trained in using this scoring method>*.

Data analysis

Data for three or more sample comparisons were analyzed using a one-way non-
parametric ANOVA (Kruskal-Wallis. Test) with Dunn’s multiple comparisons test. The
experimental sample size for the in vivo study was calculated using GPower Version
3.1.1%%. An a-priori power analysis was conducted from pilot gait data (stride length)
obtained using this injury model in mice. This power analysis resulted in a power of
80%, using a 95% confidence interval and typical standard deviation of 1.00 within
groups. To account for biological variability related to sex, both male and female mice
were analyzed. Longitudinal data was compared using repeated-measures ANOVA with
Dunnett’s correction; each timepoint was compared to baseline values. Cross-sectional
data was normalized to baseline values and were compared using repeated-measures
ANOVA with Tukey’s correction. Histological scoring at end-term was evaluated using a
one-way non-parametric ANOVA (Kruskal-Wallis Test) with Dunn’s multiple
comparisons test. Statistical analysis was performed using GraphPad Prism v9.3.1
(GraphPad Software Inc., La Jolla, CA). For all comparisons, significance was assessed

at p<0.05 or p<0.1.
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4.4 Results

Macrophage responses to BMAC and impact of RBC depletion on inflammatory

cytokine production

Initial studies were done using in vitro assays to assess the relative inflammation
inducing properties of BMAC, and to determine whether RBC depletion modulated any
inflammatory effects of BMAC. These studies were conducted using AMJ macrophages
as the readout for inflammatory responses, as we have previously used this cell line as
a sensitive indicator of immune responses in vitro®®. To assess inflammatory responses,
macrophages were incubated with BMAC cells or RBC-depleted BMAC cells (adjusted
to add equivalent numbers of nucleated cells for each cell population) and incubated for
48 hours. At this time, the release of pro-inflammatory cytokine TNF-a was assessed by
ELISA, using cell culture supernatants. We observed that BMAC stimulated significant
production of TNF- a compared to resting AMJ macrophages (p=0.0001), and that RBC-
depleted BMAC stimulated significantly less TNF-a than non-depleted BMAC
(p<0.0001) (Figure 4.1). These results indicated that RBC depletion had the potential to
reduce the inherent inflammatory properties of BMAC in vitro, and removal of RBCs

may improve overall treatment outcomes for BMAC treatment.

Comparison of functional impact of treatment with BMAC or RBC-depleted BMAC in

mice with induced OA.

The in vitro findings (above) indicated that RBC depletion might reduce BMAC

inflammation, but the critical question was whether this effect would also translate to
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greater improvement in overall joint function in the case of established OA. To assess

functional improvement, both activity monitoring and gait analysis were employed.

Overhead cage activity monitoring

Activity was monitored in three groups of animals with DMM-induced OA (sham treated,
BMAC-treated, and RBC-depleted BMAC treated) using the ANY-maze™ overhead
cage monitoring system. ANY-maze™ overhead cage monitoring was utilized as a
behavior/mobility assessment. Parameters of interest were accessed both (i)
longitudinally overtime and (ii) cross-sectionally among groups normalized to pre-DMM
surgery baseline. No longitudinal overtime differences in any group persisted out to day
27 (Figure 4.2A, C, E, G). When cross-sectional data was assessed, mice treated with
RBC-depleted BMAC exhibited increased distance traveled (Figure 4.2B, p=0.0551)
and mean speed (Figure 4.2D, p=0.0398) compared to no treatment control animals at
day 27 post-DMM surgery. Additionally, RBC-depleted BMAC animals spent less time in
their security huts at day 27 post-surgery relative to no injection controls (Figure 4.2F,
p=0.098). Both BMAC (Figure 4.2H, p=0.0271) and RBC-depleted BMAC animals
(Figure 4.2H, p=0.0545) showed an increase in their top of hut entries at day 27
compared to no injection control animals, indicating greater willingness to propel off
their operated hindlimbs. These findings are important because they indicate that
compared to BMAC treated animals, animals treated with RBC-depleted BMAC

regained significantly more activity, compared to non-treated animals. This effect could
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reflect several processes, including reduction of intra-articular inflammation and/or

improved cartilage integrity.

Digigait Treadmill walking

We next assessed the impact of BMAC treatment and RBC depletion on gait in animals
with OA. Digigait controlled treadmill walking was performed to view gait changes at
35cm/s at both a 10-degree incline (Figure 4.3) and on a flat surface (Supplemental
Figure 4.1). Results are depicted from animals evaluated at a 10-degree incline both (i)
longitudinally overtime (Figures 4.3A, C, E, G) and (ii) cross-sectionally among groups
(Figures 4.3B, D, F, H) when normalized to pre-DMM surgery baseline Digigait values.
The first parameter evaluated was %swing stride. By day 27 post-injury, no injection
control animals showed an increased %swing stride longitudinally from baseline (Figure
4.3A, p=0.0347). In addition, cross-sectional analyses demonstrated a trend towards no
injection animals having a higher %swing stride than either BMAC or RBC-lysed BMAC
animals (Figure 4.3B; p=0.0703 and p=0.0895, respectively). Similarly, longitudinal
data revealed that no injection control animals showed a decreased %stance stride
compared to baseline by day 27 (Figure 4.3C; p=0.0346). No injection animals also
trended towards a cross-sectional decrease at day 27 compared to BMAC treated

animals (Figure 4.3D; p=0.0703).

The %stance stride was further broken down into %brake stride and %propel stride.

%Brake stride refers to the portion of the step from initial touchdown onto the belt until

the maximum amount of the paws area is touching the belt. %Propel stride starts as
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soon as the maximum amount of the paw is touching the belt until the paw is lifted off
the belt. With %brake stride, no longitudinal differences were noted in any group at day
27 (Figure 4.3E) or cross-sectionally among groups at day 27 (Figure 4.3F).

In contrast, no injection animals showed a longitudinal decrease in %propel stride at
day 27 post-injury (Figure 4.3G; p=0.0087); this group also trended toward decreased
%propel stride from both BMAC and RBC-lysed BMAC animals at day 27 (Figure 4.3H;

p=0.0507 and p=0.0775, respectively).

Impact of BMAC treatment on cartilage inteqgrity

We next evaluated the impact of BMAC treatment on joint pathology, with a particular
focus on articular cartilage integrity. Joint tissues were collected from the three
treatment groups at d27 after OA was induced in the DMM model. Tissues were
processed for histological analysis, which was conducted by a pathologist (KS) blinded
as to treatment group assignment. Images from these studies are depicted in Figure
4.4. In untreated animals with DMM-induced OA there was: (i) loss of proteoglycan,
synovitis, and fibrillations and/or clefts on the cartilage surface in the medial
compartments (4.4D, left column); and (ii) small fibrillations and loss of proteoglycan
on the lateral surfaces (4.4G, left column). By contrast, BMAC treated animals showed
smaller fibrillations and reduced loss of proteoglycan within both the medial and lateral
compartments (4.4E and H, middle column). In animals treated with RBC-depleted
BMAC, there was improved proteoglycan content and decreased OA progression in
both the medial and lateral compartments compared to the other groups (4.4F, and |,

right column).
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To support the subjective descriptions, these histologic changes were quantified using
the Osteoarthritis Research Society International (OARSI) scoring system. In animals
treated with RBC-depleted BMAC, there was a reduction in overall OARSI score
compared to untreated animals (p=0.0115) or animals treated with BMAC (p=0.0693)
(Figure 4.5A). Additionally, significantly decreased synovitis was seen in the RBC-
depleted BMAC animals compared to untreated animals or animals treated with BMAC
treatment (Figure 4.5B; p=0.0007 and p=0.0336, respectively). As expected with the
DMM mouse OA model, the majority of OA changes were noted within the medial
compartment of the joint rather than in the untreated lateral compartment of the stifle
joint. As such, the OARSI scores for the medial compartment were significantly
improved for mice treated with RBC-depleted BMAC, compared to untreated animals or
animals treated with BMAC (Figure 4.5C; p=0.0003 and p=0.0086, respectively), with
similar changes noted in the medial compartment proteoglycan scores (Figure 4.5D;
p=0.0003 and p=0.0185, respectively). OARSI scores for the lateral compartment were
not different for any of the 3 treatment groups (Figure 4.5F). Additional scored and

individual OARSI parameters are listed in Supplemental Figure 4.2.

4.5 Discussion

Bone marrow aspirate concentrate products have demonstrated therapeutic
potential in preclinical models of osteoarthritis and clinically in various musculoskeletal
disorders?%24. The most notable findings from the present work were that RBC depletion

from BMAC reduced BMAC-induced inflammation and improved multiple functional
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parameters associated with disease stabilization from OA, as assessed in a rodent
model. Key observations included. significant improvement and/or maintenance of
lameness in cage monitoring parameters (distance traveled, mean speed, time in hut,
entries to top of hut zone). Similarly, gait parameters (lower %swing stride, higher
%propel stride) at day 27 also improved in mice treated with RBC-depleted BMAC
compared to control mice. In contrast, treatment with BMAC failed to improve either
activity or gait parameters compared to control animals in this study. Importantly,
treatment with RBC-depleted BMAC also significantly improved cartilage integrity and
OARSI scores compared to control animals, which BMAC failed to do. Thus, our study
findings indicate that the overall effectiveness of BMAC therapy for OA can be

significantly improved by RBC depletion prior to intra-articular injection.

While it has been previously noted that BMAC preparations can induce inflammatory
responses in patients. This is the first study to our knowledge to demonstrate that the
presence of RBC in BMAC can interfere with joint healing and functional improvement.
Given that it is nearly impossible to avoid blood contamination of BMAC using
conventional aspiration techniques, our findings indicate that direct RBC elimination (by
lysing) is necessary to fully remove RBC. It is also possible to remove RBC from bone
marrow aspirates by Ficoll density separation, but this technique requires biosafety
cabinets, considerable manual dexterity, and laboratory centrifuges to perform. Thus, a
closed system using RBC lysis with agents such as ACK would be preferable for the

direct to bedside use of autologous BMAC for treatment of orthopedic injuries and OA.
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Mobility and pain were assessed via cage monitoring and gait analysis in this study, as
these represent primary reasons people seek treatment for OA%’. Open-field testing, or
cage monitoring can be an effective method to obtain objective research data on
behavior and mobility measures®. Cage monitoring systems, such as AnyMaze, can
track rodents within a designated area to view post-injury behavior and mobility
differences compared to baseline. Notably in this study, mice injected with RBC-
depleted BMAC demonstrated increased activity, as seen by a greater distance traveled
and overall mean speed and spent less time in their security huts compared to
noninjected mice. Furthermore, both RBC-depleted BMAC and complete BMAC treated
animals entered the top of their hut more frequently compared to control mice, indicating
a maintained ability to utilize their hind limbs despite injury and OA progression.
Climbing requires use of the hind limbs, and as such, a willingness to enter the top of
hut, indicating a maintained ability to utilize the hind limb despite injury. Importantly,
similar to our results, intra-articular autologous BMAC injections have been shown
clinically in humans to decrease pain, increase functionality and knee related quality of
life, along with increasing patient physical function®®. These improvements have been

seen in multiple studies out to 12 months post injection5%60,

Gait analysis systems can be an effective way to assess mobility and function®'. As
rodents tend to walk with balanced symmetrical gait, alterations in gait can be indicative
of pain and/or an attempt to protect the injured limb®2. As such, these deviations from a
symmetrical gait can be used as an indicator of pain®. To the authors’ knowledge, there

have been no other studies that have utilized treadmill walking in the evaluation of
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BMAC injections in rodents. Inclined treadmill running was prioritized over flat running to
pose a greater challenge to the mice at this relatively early timepoint. Animals running
on an inclined surface are required to work against gravity, increase muscle work and
combat a “toppling moment” or the forces that may cause an animal to fall down the
surface®. Notably, both the BMAC and RBC-depleted BMAC animals-maintained gait
parameters similar to baseline by d27 post-DMM surgery while untreated animals
demonstrated progressive gait abnormalities. Specifically, control animals were less
inclined to put their foot down on the belt and were less likely to propel off of that foot
into their next step. Overall, untreated animals demonstrated a modulated gait during
controlled treadmill movement by day 27 post-DMM surgery compared to pre-surgery

baseline levels.

Histopathology findings further demonstrated significant improvement in mice treated
with RBC-depleted BMAC compared to animals treated with BMAC. Untreated animals
demonstrated expected PTOA progression at end-term d27 postoperatively based on
previously published work %3, with increased OA progression on the medial aspect of the
joint compared to the lateral portion of both the tibia and femur®3. Importantly, RBC-
depleted BMAC demonstrated decreased whole joint OARSI scores compared to both
the untreated control and complete BMAC treated animals. Similar to reported DMM
models, osteophytes and patellar dislocation were not present in any of our mice%3.
Proteoglycan is one of the major components of the extracellular cartilage matrix. It is
important for binding water to increase compressive load, but also to store a variety of

factors including chemokines, cytokines and growth factors®®. Furthermore, the RBC-
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depleted BMAC treated animals demonstrated decreased synovitis and proteoglycan
scores, implying improved proteoglycan health and integrity, compared to either the
complete BMAC treated animals or untreated controls. Of note, in humans treated with
bone marrow mononuclear cells, MRI revealed 63% of patients had improvements in
synovitis and 57% showed improvements in bone marrow edema®®. Importantly, future
use of RBC depleted BMAC, rather than complete BMAC, may improve prognosis and

therapeutic potential in both human and animal clinical OA patients.

There were several limitations to this study, including the use of only one BMAC cell
concentration for injection, and the relatively short 28-day study duration. While
significant differences in gait parameters were seen between treatment groups by day
27, additional information may have been gained by allowing osteoarthritis to progress
for a more prolonged period of time, as moderate-to-severe OA is expected to progress
by 8-weeks post-DMM surgery®3.. In. addition, both male and female animals were
pooled for analysis in this study. However, previous studies have shown that sex can
be an important influencer of disease progression in rodent models of OA%. The study
also employed a single BMAC injection whereas repeated injections may have
demonstrated greater improvement (83,84). Examination of the major cell fractions
present in BMAC may also yield further insights into the mechanism(s) of action and

lead to further optimization of the BMAC approach.

In summary, findings of this study demonstrated that removal of erythrocytes from

BMAC improved outcomes in a mouse model of OA, as reflected by improvements in in
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both gait analysis and histologic parameters compared to treatment with BMAC or to no
treatment. Indeed, these studies failed to demonstrate a consistent treatment benefit
from BMAC alone in this animal model, raising questions regarding the true clinical
efficacy of BMAC treatment in general, given the lack of rigorous clinical evaluation.
Mechanistic studies suggested that RBC-depleted BMAC may have exhibited greater
disease modification through reduced induction of pro-inflammatory cytokine expression
from synovial macrophages. Consideration therefore should be given to routine RBC
removal when using BMAC, to improve efficacy and reduce inflammation and adverse
events associated with injection. Further investigation of fractionated BMAC for

improved treatment of osteoarthritis is warranted.
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Figure 4.1: Suppression of macrophage cytokine release by BMAC cells. Purified
BMAC cell subpopulations (ACK-lysed or non-lysed) were co-cultured 48h at 1:3 ratio to
differentiated mouse AMJ macrophages. Controls included AMJ murine macrophages
cultured in complete DMEM media alone, and BMAC and RBC-depleted BMAC. After
48h in culture, macrophage supernatants were assayed for TNF-a concentrations by
ELISA. Significant differences noted with p values <0.05
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Figure 4.2: ANY-maze™ cage monitoring parameters following DMM on the right hind
limb of mice and treatment dependent on group. Parameters of interest statistical
significance is shown overtime and between groups for distance traveled (A, B), mean
speed (C, D), time in hut (E, F), and entries to the top of hut zone (G, H). Filled in
symbols indicate male animals and open symbols indicate female animals. Significant
differences noted, with p value noted <0.1.
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Figure 4.3: Digigait controlled treadmill walking at 35cm/s at a 10-degree incline.
Parameters of interest are shown both overtime and between groups for %swing stride
(A, B), %stance stride (C, D), %brake stride (E, F), and %propel stride (G, H). Filled in
symbols indicate male animals and open symbols indicate female animals. Significant
differences noted, with p value noted <0.1 and significant differences over time labeled
(*p<0.05, **p<0.005).
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Figure 4.4: Toluidine blue photomicrographs from untreated control (left), BMAC (middle), and RBC-depleted BMAC
(right) limbs. Low magnification image of whole knee joints from untreated control (A, left column), BMAC (B, middle
column), and RBC-depleted BMAC (C, right column), post DMM and applicable treatment. Higher magnification image
for evaluation of the medial compartment untreated control (A, left column), BMAC (B, middle column), and RBC-
depleted BMAC (C, right column). Additional higher magnification image for evaluation of the lateral compartment for
untreated control (G, left column), BMAC (H, middle column), and RBC-depleted BMAC (I, right column). A-C, 4x,
bar=200um; D-I, 20x, bar=20um.
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Figure 4.5: OARSI histopathology scores following DMM surgery and treatment with
untreated control (blue), BMAC (green), or RBC-depleted BMAC (purple). Parameters
listed include whole joint OARSI score (A), synovitis score (B), medial compartment
OARSI score (C), medial compartment proteoglycan score (D), lateral compartment
OARSI score (E), and lateral compartment proteoglycan score (F). Filled in symbols
indicate male animals and open symbols indicate female animals. Significant
differences noted with p values noted <0.1.
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Chapter 5: Differential Transcript Expression in Compensatory Limbs Following

Destabilization of the Medial Meniscus or Sham Surgery in Male and Female Mice

5.1 Overview

Post-traumatic osteoarthritis (PTOA) is a debilitating and degenerative condition.
Clinical considerations and treatment primarily — and understandably — focus on the
injured limb, with relatively little attention on the compensatory leg. Interestingly, mouse
models of PTOA have utilized the contralateral limb in a variety of ways, including naive
internal controls, sham surgery internal controls, or bilateral surgery. Importantly,
systemic inflammatory and bone turnover exists following injury, and may ultimately
confound results when the contralateral limb is used as the control. To date,
comprehensive evaluations of contralateral limb changes following knee injury have
been minimally investigated in animal models of PTOA. To explore this topic, we aimed
to determine if there were significant transcript expression changes in key inflammatory
genes in contralateral hindlimbs following the destabilization of the medial meniscus
(DMM) surgery. The goals of this study were two-fold: (1) Identify transcriptional sex
differences in naive animals; and (2) Identify compensatory gene expression changes in
sex that are specific to animals receiving DMM surgery as compared to a naive animal
when taking into account surgery changes (i.e., sham surgery). The results from this
work demonstrate the effect of surgery on inflammatory transcript expression of
contralateral knees in a widely used preclinical model of PTOA. The overall take-home
message from this work is that preclinical mouse models utilizing surgical methods for

PTOA induction may benefit from parallel consideration of contralateral limb changes.
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This might be particularly pertinent when considering use of the opposite hindlimb as an
internal control, as transcript expression in these compensatory knees may be altered

relative to naive baselines.

5.2 Introduction

Post-traumatic osteoarthritis (PTOA) is a debilitating and degenerative condition
that results in fibrillation and loss of articular cartilage®. Following joint trauma, 23% to
50% of people will eventually develop PTOAZ#. PTOA can lead to a decreased quality
of life due to pain, swelling and decreased range of motion of the knee or the affected
joint®. As such, clinical considerations, and treatment primarily — and understandably —
focus on the injured limb, with relatively little attention given to the compensatory leg.
Interestingly, mouse models of PTOA have utilized the contralateral limb in a variety of
ways, including as naive internal controls, sham surgery internal controls, or bilateral
surgery. To date, comprehensive evaluations of contralateral limb changes following
knee injury have been minimally investigated in animal models of PTOA. Importantly,
systemic inflammatory and bone turnover exists following injury®’, and may ultimately
confound results when the contralateral limb is used as the control. Additionally,
following total joint replacement, a marker of end stage OA, the contralateral lower
extremity is at an elevated risk of joint degeneration and subsequent total joint
replacement® 10, This increased risk may be due to nonstandard joint loading, a known
cause of OA initiation, which may promote quicker joint degradation''3. Importantly, it
has been shown that excessive loads on cartilage can cause structural deterioration,

though biomechanical changes alone may not be the driving cause of contralateral OA
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progression’®. Additionally, PTOA is a multifaceted disease, with inflammation believed
to play a central role in the pathogenesis of PTOA'6. For this reason, we sought to
describe inflammatory gene expression changes within the contralateral limb of mice

following destabilization of the medial meniscus (DMM) surgery.

Most studies that utilize the DMM mouse models only study male animals and have not
considered sex as a biological variable. This is in stark contrast to human clinical study
data which shows that women compared to men show a higher prevalence of OA'"-20,
Additionally, studies of human cohorts assessing inflammatory markers following knee
injury tend to contain a higher percentage of males? and either compare injured
samples to an uninjured contralateral control leg?'-23 or to a healthy uninjured control?*
28 This defines a need to understand PTOA effects on a naive contralateral limb to
further elaborate on genes and inflammatory markers we may be accidently excluding,

depending on the study’s choice of control.

The destabilization of the medial meniscus (DMM) mouse model is a widely used and
published PTOA inducing surgery model where OA is induced by transecting the medial
meniscotibial ligament. Subsequent PTOA development is believed to be due to altered
joint biomechanics; of note, the histologic lesions produced in the injured joint are
similar to those seen in human PTOA progression’2°, A variety of gene expression
studies have been conducted using the DMM model, with analysis typically conducted

against an associated sham surgery limb?°.
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For this study, we aimed to determine if there were significant transcript expression
changes in key inflammatory genes in contralateral hindlimbs following either
destabilization of the medial meniscus (DMM) surgery or sham surgery in both male and

female animals. Fully naive animals were also included with sex also being considered.

The goals of this study were two-fold: (1) Identify transcriptional sex differences in naive
animals; and (2) ldentify compensatory gene expression changes in sex that are
specific to animals receiving DMM surgery as compared to a naive animal when taking

into account surgery changes (i.e., sham surgery).

5.3 Materials and Methods

Animals

Procedures were approved by the University's Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use
of Laboratory Animals. C57BI/6J mice male and female mice were purchased from
Jackson Laboratories; surgery was performed when they were 12-weeks of age.
Animals were housed together in groups of 5 by sex in solid bottom cages with corncob
bedding. Animals were allowed ad libitum water and standard rodent chow and were
maintained at 22-24°C on a 12-h light/dark cycle and were assessed daily by a

veterinarian.
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Experimental Design

Ninety-two mice were used for this study and were split into 3 experimental surgical
groups: sham surgery, DMM surgery or left truly naive (Figure 5.1). Thirty-six male and
female mice (n=18 per sex) received destabilization of the medial meniscus (DMM)
surgery on their right knees to initiate OA progression. DMM surgery was performed by
a board certified veterinarian as previously described'. Another thirty-six male and
female mice (n=18 per sex) received a sham surgery following the same surgical
procedures as the DMM surgery, but without severing the medial meniscus. Finally,
twenty mice (n=10 per sex) were left as truly naive controls and received no surgery or
manipulations to either limb. In all groups, the right leg was utilized as the ‘surgery’ limb,
while the left limb was left naive, as a naive-compensatory limb, and is the contralateral
limb of focus for the entirety of this study. Mice were euthanized via CO2 inhalation with
confirmation by cervical dislocation at either 4- or 8-weeks post-surgery (or at matching

age, 16- and 20-weeks, for non-surgery animals).

Nanostring gene expression of knee joints

Total RNA was extracted from knee joints using TRIzol reagent and RNeasy Mini Kit
(Qiagen, Hilden, Germany) using manufacturer’s instructions. Tissue was homogenized
using a Qiagen TissuelLyser and spherical ball bearings kit and RNA was quantified
spectrophotometrically with a NanoDrop™ 2000 (ThermoFisher Scientific, Waltham,
MA). Total RNA was sent to the University of Arizona Genetics Core for analysis and
quality control testing. The premade mouse inflammation panel by NanoString was

utilized to evaluate total RNA along with a mouse spike in panel consisting of OA and
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iron specific genes. Data analysis was performed using nSolver™ software provided by
NanoString Technologies. Results, reported as absolute transcript counts, were

normalized to standard mouse housekeeping genes.

Data Analysis

Gene expression count data was normalized to standard mouse housekeeping genes
using nSolver software, without background thresholding or subtraction. Normalized
absolute transcript counts were evaluated with an ordinary two-way ANOVA stratified by
sex and group for each timepoint, either 4- or 8-weeks. Sidak multiple comparison
testing, with a single pooled variance, was used to compare male/female sex
differences between each group. For all comparisons, significance was assessed at
p<0.05 with statistical analysis performed using GraphPad Prism v9.4.1 (GraphPad
Software Inc., La Jolla, CA). Significant genes were aligned to gene ontology (GO)

pathways using https://string-db.org/ to determine pathways of interest. No formal

pathway analysis or statistical analysis was performed.

5.4 Results

Sex differences in naive animals

Normalized RNA transcript counts were utilized to determine sex differences in 278
inflammatory related genes in naive mice. Our goal was to find transcripts that showed
sex differences in naive animals that are common to both timepoints. To do this, total

RNA transcript counts were evaluated at both 4- and 8- weeks post-surgery when
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animals were 16- and 20- weeks of age, respectively. 2-way ANOVAs of each gene
stratified by sex for each treatment group at each timepoint identified 16 genes different
between sexes in fully naive animals at 16-weeks of age and 16 genes different at 20-
weeks of age. Of these genes, 9 genes were different between sexes of fully naive
animals at both timepoint studied (Figure 5.2A). Of these 9 genes, four showed
increased total normalized RNA transcript counts in naive female mice compared to
naive male mice. Male animals are utilized as the reference as compared to females
based on the historical data utilizing primarily male animals in DMM surgery. These
genes include Ccl22 (Figure 5.2B), IL7 (Figure 5.2C), Tgfb3 (Figure 5.2D), and slc2a4
(Figure 5.2E). Additionally, the remaining 5 overlapping sex difference naive genes
demonstrated a decreased total normalized RNA transcript count in naive female mice
compared to naive male mice. The genes showing a decrease in female RNA
transcripts compared to males include Cebpb (Figure 5.2F), ll1rap (Figure 5.2G), TIr2
(Figure 5.2H), Trem2 (Figure 5.2l), and slc11a2 (Figure 5.2J). Other groups, naive-
compensatory sham surgery and naive-compensatory DMM surgery, were provided for

reference, but are not the current focus of these differences.

4-weeks (early) post-surgery sex differences in naive-compensatory legs

Next, we sought to identify compensatory gene expression changes in sex that were
specific to animals receiving DMM surgery as compared to a naive animal when taking
into account surgery changes (i.e., sham surgery). To do this, we compiled genes at 4-
weeks post-surgery that demonstrated significant sex differences for each group. 4-

weeks post-surgery was chosen as lesions within the DMM mouse OA model progress
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from mild-to-moderate OA at 4 weeks post-surgery in male mice'. These genes are laid
out visually in a Venn diagram (Figure 5.3) or textually in a table (Table 5.1), for ease of
viewing. Of these genes, we focused specifically on genes that were unique sex
differences to the naive-compensatory limb on the DMM surgery animals. Therefore, we
could view sex changes specific to DMM surgery as they are not general surgery
changes that showed up in our sham surgery naive compensatory limbs or naive sex
differences that were present regardless of surgery type. We found there were 9 genes
significant and specific to the naive-compensatory DMM leg when compared by sex
(Figure 5.4). Of these 9 genes, five showed increased expression in the naive-
compensatory DMM surgery limbs of females compared to males and included Ccr7
(Figure 5.4A), 1118 (Figure 5.4B), Pla2g4a (Figure 5.4C), lI10rb (Figure 5.4D), and TIr1
(Figure 5.4E). Additionally, the remaining four genes showed decreased expression in
the naive-compensatory DMM surgery limbs of females compared to males and these
genes were Mef2d (Figure 5.4F), Hdac4 (Figure 5.4G), Map2k6 (Figure 5.4H), and
Ppp1r12b (Figure 5.4l). These genes were aligned with gene ontology (GO) biological
processes and many genes significant by sex in the naive-compensatory DMM limb
were contained in pathway hits within positive regulation of cellular process, positive
regulation of cellular process, cellular response to stimulus, positive regulation of
cellular metabolic process, positive regulation of response to stimulus and regulation of

apoptotic process (Table 5.2).
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8-weeks (late) post-surgery sex differences in naive-compensatory legs

Finally, we sought to identify compensatory limb gene transcript changes specific to
DMM surgery at 8-weeks post-surgery. This timepoint has been previously been defined
to show moderate-to-severe OA changes within the DMM model in male mice’. Naive-
compensatory limbs on DMM surgery mice showed 67 genes that were significantly
different between the sexes. Forty-six of these genes were also significant in either the
naive compensatory limb of fully naive mice or of sham-surgery mice. This left 21
significant gene transcripts that are specific to the naive-compensatory limb of mice
receiving DMM surgery when stratified by sex which can be seen visually in a Venn
diagram (Figure 5.5) or laid out textually (Table 5.3). A subset of naive-compensatory
DMM surgery genes are included in Figure 5.6 and include Ccl2 (Figure 5.6A), CclI8
(Figure 5.6B), Prkcb (Figure 5.6C), 115 (Figure 5.6D), Irf3 (Figure 5.6E), TIMP3
(Figure 5.6F), Hdac4 (Figure 5.6G), Nod1 (Figure 5.6H), and NIrp3 (Figure 5.61). Of
note, the only gene demonstrating only significance in the naive-compensatory DMM
surgery limbs at both 4- and 8-weeks post-surgery is Hdac4. The 21 significant gene
transcripts specific to the naive-compensatory limb of mice receiving DMM surgery were
aligned with gene ontology pathways and many of the significant genes were contained

within a variety of pathways (Table 5.4).

Interestingly, histone deacetylase 4 (HDAC4) is the only gene defined as having a
significant sex difference within the naive-compensatory DMM surgery limb, after

accounting for naive-compensatory and naive-compensatory sham surgery changes, at
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both 4- and 8-weeks post-surgery (Figure 5.4G and Figure 5.6G, respectively).
Importantly, additional two-way ANOVAs stratified by timepoint and group for each sex
demonstrates that male animals had a significantly decreased expression of HDAC4 at
8-weeks compared to 4-weeks (p=0.0133, Supplementary Figure 5.1A) for the naive-
compensatory DMM limb. In contrast, female animals showed a significantly increased
expression of HDAC4 at 8-weeks compared to 4-weeks (p=0.0447, Supplementary

Figure 5.1B) in the naive-compensatory DMM limb.

5.5 Discussion
This study provided an in-depth look at naive-compensatory limbs following
sham surgery and DMM surgery as compared to a fully naive mouse as well as

comparing gene expression sex differences in naive animals.

Sex differences in naive animals

Interestingly, inflammatory gene expression data of naive mice demonstrated that 41
genes showed a sex difference over both timepoints studied. Of these genes, we saw
that 9 genes were significantly different between male and female naive mice at both
16- and 20- weeks of age. This inherent inflammatory sex difference in naive mice may
be a reason why in some PTOA mouse models, for example DMM, male mice develop
worse and more consistent OA. Importantly, this contrasts with historical clinical data
where studies have consistently reported a higher prevalence of OA in women rather

than men'”-29, Additionally, human women tend to develop end-stage OA more often
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than their male counterparts®! and report worse OA-related pain and an overall lower

quality of life and lack of function32.

One of the inflammatory genes demonstrating differential expression levels between
male and female animals in fully naive animals is C-C motif chemokine 22 (CCL22).
Interestingly, CCL22 is a chemokine that drives trafficking of a variety of T-
lymphocytes® and is both constitutively expressed during homeostatic conditions, and
also can be induced beyond constitutive levels during inflammation®*. Additionally, it has
been shown that PTOA joint tissue with visual damage demonstrated increased CCL22
expression in the cartilage and/or synovium of mice and CCL22 is associated with
chondrocyte apoptosis within human cartilage®3. Therefore, the inherent biological
difference within naive mice related to their CCL22 gene expression levels may play a
role in the severity or ability of these mice to develop PTOA following DMM surgery.
Additionally, CCL22 has been previously implicated in a variety of other chronic
inflammatory diseases including atopic dermatitis®> and multiple sclerosis®®, which are
both diseases with higher prevalence in female human populations than males3’-38,
similar to OA. Understanding these inherent inflammatory gene sex differences, may
help us to further our understanding of not only PTOA, but a multitude of other chronic

inflammatory diseases.

Interestingly, other genes seen to demonstrate inherent sex different expression levels

in naive mice have previously been implicated in OA progression. Of these, interleukin-

7 (IL-7) has a role in T- and B-cell homeostasis in mice and has been implicated as
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having a role in joint diseases®. Specifically, IL-7 has been shown to be expressed at
significant levels within synovial tissues of patients with OA*°. Both toll-like receptor 2
(TLR2) and triggering receptor expressed on myeloid cells 2 (Trem2) showed up as
having sex differences in gene expression within the naive mice. Importantly, both TLR2
and Trem2 have been implicated in joint inflammation, particularly related to rheumatoid
arthritis*#2, The inflammatory gene sex differences seen within naive animals provides
an interesting insight into biological differences and potential differences in how the
sexes will respond to chronic inflammatory diseases. Additionally, these inherent sex
differences reiterate a need to include both male and female animals in future studies

and to consider sex as a biological variable.

Post-surgery sex differences in naive-compensatory legs

The second goal of this study was to identify compensatory gene expression changes in
sex that are specific to animals receiving DMM surgery as compared to a naive animal
when taking into account surgery changes (i.e., sham surgery). These sex differences in
the naive-compensatory limb were assessed at two different timepoints post-surgery, 4-
and 8-weeks, when mild-to-moderate or moderate-to-severe PTOA has progressed,
respectively'. At 4-weeks post-surgery, 9 genes were defined as showing significant
sex differences within only the naive-compensatory DMM surgery limbs. These 9 genes
can therefore be described as sex differences that occur in the naive-compensatory
limb following DMM surgery on the contralateral limb. Of these 9 genes, some of them
have been previously implicated or proposed to have a role in OA progression including,

Ccr743, 1L18%4, Pla2g4a*®, Map2k64® and ppp1r12b*’ . It is important to note that some
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of the aforementioned studies defining a role for these inflammatory genes, may have
only been conducted in one sex based on historical context. Aligning genes that
demonstrated a significant difference between sex at 4-weeks post-DMM surgery
indicated that these genes have been implicated in a variety of regulatory pathways.
These regulatory pathways included a variety of cellular processes including response
to stimuli, cellular metabolic processes and most interestingly, regulation of apoptotic
process. Further research will need to be conducted to determine if sex changes in the
naive-compensatory limbs caused any dysregulation of these pathways and what

detrimental effects that may have within the naive-compensatory limbs.

Importantly, only one gene was defined as having a significant sex difference within the
naive-compensatory DMM surgery limb, after accounting for naive-compensatory and
naive-compensatory sham surgery changes, at both 4- and 8-weeks post-surgery.
Histone deacetylase 4, also known as HDAC4, has been previously identified as a
regulator of chondrocyte hypertrophy during skeletogenesis*®. Interestingly, HDAC4 has
been shown to be significantly higher in cartilage from people with OA than healthy
cartilage and has been negatively correlated with OA severity*°. It has also been
proposed that HDAC4 may contribute to early stages of OA and associated cartilage
catabolism rather than the end stages of OA*°. Of note, at 4-weeks post-DMM surgery
male animals showed significantly increased RNA transcript counts of HDAC4
compared to female animals within the naive-compensatory DMM leg. Conversely, at 8-
weeks post-surgery male animals showed a significantly decreased expression of

HDACA4. Importantly, additional two-way ANOVAs stratified by timepoint and group for
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each sex demonstrates that male animals had a significantly decreased expression of
HDAC4 at 8-weeks compared to 4-weeks (p=0.0133, Supplementary Figure 5.1A) for
the naive-compensatory DMM limb. In contrast, female animals showed a significantly
increased expression of HDAC4 at 8-weeks compared to 4-weeks (p=0.0447,
Supplementary Figure 5.1B) in the naive-compensatory DMM limb. This difference in
gene expression between male and female mice brings up interesting sex differences
that need to be explored further to understand how sex differences may affect not only

the naive-compensatory limbs but also the OA surgery limbs.

Interestingly, at 8-weeks post-DMM surgery, there were 21 significant gene transcripts
that were specific to the naive-compensatory limb of mice receiving DMM surgery when
stratified by sex. This timepoint has been previously been defined to show moderate-to-
severe OA changes within the DMM model in male mice'. As such, the increase in
significant gene transcripts at 8-weeks post-surgery compared to 4-weeks post-surgery
was less surprising. Additionally, in human patients following total joint replacement, a
marker of end stage OA, the contralateral lower extremity is at an elevated risk of joint
degeneration and subsequent total joint replacement®'°. This increased risk may be
due to nonstandard joint loading, a known cause of OA initiation, which may promote
quicker joint degradation’-13. As OA progresses in our mice, it is possible there may be
improper loading of the contralateral naive limb, which could account for the increase in
gene transcripts seen in this study. Further work would need to be conducted to
determine if these gene expression changes are leading to joint degradation within the

compensatory naive limb, as seen in human patients.
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Importantly, a variety of genes seen to be significantly different by sex within the naive
compensatory limb of mice receiving DMM surgery have been previously implicated or
proposed to have a role in OA progression. Some of these include C-C motif chemokine
ligand 2 (CCLZ2, also known as MCP-1) and C-C motif chemokine ligand 8 (CCLS8, also
known as MCP-2). Of note, the sequence homology between CCL2 and CCLS8 is high®°,
and they share the receptor, C-C chemokine receptor type 2 (CCR2)'. Interestingly,
CCL2 has been shown to play a role in post-traumatic osteoarthritis pain in a
destabilization of the medial meniscus mouse model as CCL2 knockout mice
demonstrated delayed onset of pain-related behavior®?. Additionally, both CCL2 and

CCL8 have previously been seen to be upregulated in symptomatic patients with OA33.

Aligning genes that demonstrated a significant difference between sex at 8-weeks post-
DMM surgery indicated that these genes are included in a variety of regulatory
pathways, with all 21-genes appearing in the regulation of cellular process pathway.
Other regulation pathways seen following gene alignment, are regulation of molecular
function and positive regulation of macromolecule metabolic process. Further study
would be necessary to determine if the aforementioned sex changes in the naive-
compensatory limbs at 8-weeks post-DMM surgery have any detrimental effects within
the naive-compensatory limbs, such as increased pain or cause any dysregulation of

the aligned pathways.
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Study Limitations and Potential Caveats

Of note, we did not conduct gene expression testing on any indicators of systemic
animal health. Therefore, it is not known if these gene expression changes are specific
to the tested knee joint or may be systemic changes throughout the entire animal.
Additionally, protein expression testing was not performed. As such, it is important to
remember that RNA expression may not match protein expression and further testing
would need to be conducted to confirm complementary protein levels. Future work will
also need to be performed to see if there are any PTOA changes in the naive-

compensatory limb.

Conclusion

This study characterized inflammatory gene sex differences within both fully naive mice
at 16- and 20-weeks of age, and gene changes specific to the naive-compensatory limb
of mice who received DMM surgery at both 4- and 8-weeks post-surgery. Future studies
should be conscious of inherent sex difference and biological differences between male
and female animals and should design their studies to reflect that. Additionally, when
selecting/designating use of contralateral controls for mouse PTOA studies, the
potential for compensatory limb changes should be carefully considered during

conceptualization of the experimental design.
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Figure 5.1: Schematic showing overall study design, with timepoints, animal counts and

surgical groups.
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Figure 5.2: Nanostring gene expression transcripts demonstrating significant sex
differences in naive animals. Venn diagram showing sex differences in naive animals at
each of the studied timepoints (A). Genes that demonstrated an overlap in naive sex
differences are included with genes with increased expression in females is on the left
(B-E) and genes with decreased expression in females compared to males is on the
right (F-J). Naive sex differences in genes at both four and eight weeks are C-C motif
chemokine 22 (Ccl22) (B), interleukin 7 (l17) (C), transforming growth factor beta-3
(Tgfb3) (D), solute carrier family 2 member 4 (slc2a4) (E), CCAAT enhancer binding
protein beta (Cebpb) (F), interleukin 1 receptor accessory protein (ll1rap) (G), toll-like
receptor 2 (TIr2) (H), triggering receptor expressed on myeloid cells 2 (Trem2) (I), and
solute carrier family 11 member 2 (slc11a2) (J). Differences in naive compensatory
sham surgery limbs and naive compensatory DMM surgery limbs for ease of reference.
Significance differences noted, with p values shown <0.1. NC - Naive-compensatory
(Blue); NC-SX - Naive-compensatory Sham Surgery (Red); NC-DMM - Naive-
compensatory DMM Surgery (Green).
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Figure 5.3: Venn diagram of genes demonstrating naive-compensatory limb sex
differences and showing overlap between groups at 4-weeks post-surgery.
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Table 5.1: Gene transcripts from the naive-compensatory limb demonstrating significant differences when evaluated by
sex at 4-weeks post-surgery. Red box denotes genes that only appear in the Naive-Compensatory DMM (NC-DMM) limb.
Genes are listed and grouped by their overlap between treatment groups. NC - Naive-compensatory; NC-SX - Naive-
compensatory Sham Surgery; NC-DMM - Naive-compensatory DMM Surgery.

NC Only Genes NC-SX Only Genes | NC-DMM Only Genes NC/NC-SX ONLY overlap NC/NC-DMM ONLY overlap NC-SX/NC-DMM ONLY overlap NC/NC-SX/NC-DMM Overlap
Bcl2l1 Argl Cer7 adamst4 Ccl22 AdipoQ Ccls
Cebpb Clra Hdac4 slc2a4 Cc7 Flt1

Csfl Cls 1110rb Cd86 Irf7
Fos Cla 1118 Cysltrl Kngl
1l1b Ccl17 Map2k6 Hifla
llirap Ccl20 Mef2d Hmgbl
117 Ccl24 Pla2g4a Ifid4
Ltb Cdc42 Pppirl2b Ifitl
Mafk Cfd Tirl 1122
Nirp3 Chi3I3 Ly96
Rela Gnas Mrcl
Tgfb3 Il1a Oasla
Tir2 Maspl Oas2
Trem2 Mef2a Oasl1
osm Nfatc3 Pparg
slc11la2 Nod2 Ptgfr
sodl Ptgerd Ripk2
tfr2 ptk2 Tird
Retnla TIr7
TIr3 TIr9
nrdal col10A1
osmr col2al
mmpl3
18 22 9 1 2 23 4
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Figure 5.4: Normalized gene expression data showing significant sex differences at 4-
weeks post-surgery in the naive-compensatory DMM limb. Differences in naive
compensatory sham surgery limbs and naive compensatory DMM surgery limbs for
ease of reference. Genes shown include C-C Motif Chemokine Receptor 7 (Ccr7) (A),
Interleukin 18 (1118) (B), Cytosolic phospholipase A2 (Pla2g4a) (C), Interleukin 10
Receptor Subunit Beta (1110rb) (D), Toll-like receptor 1 (TIr1) (E), Myocyte Enhancer
Factor 2D (Mef2d) (F), Histone deacetylase 4 (Hdac4) (G), Mitogen-Activated Protein
Kinase Kinase 6 (Map2k6) (H), and Protein Phosphatase 1 Regulatory Subunit 12B
(Ppp1r12b) (1). Significance differences noted, with p values shown <0.1. NC - Naive-
compensatory (Blue); NC-SX - Naive-compensatory Sham Surgery (Red); NC-DMM -
Naive-compensatory DMM Surgery (Green).
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Table 5.2: Genes showing significant sex differences at 4-weeks post-surgery in the naive-compensatory DMM limb
aligned to Gene Ontology (GO) pathways.

GO-term Description Count in Network Genes
G0:0048522 Positive regulation of cellular 8 of 5407 Ccr7, Hdac4, 1110rb, 1118,
process Map2k6, Mef2d, Pla2g4a, Tlrl
G0:0051716 Cellular response to stimulus 8 of 5497 Ccr7, Hdac4, 1110rb, 1118,
Map2k6, Pla2gda, Ppplri2b,
Tirl
G0:0031325 Positive regulation of cellular 7 of 3320 Ccr7, Hdac4, 1118, Map2keé,
metabolic process Mef2d, Pla2gda, Tirl
G0:0048584 Positive regulation of 6 of 2080 Ccr7, 110rb, 1118, Map2k6,
response to stimulus Pla2gda, Tirl
G0:0042981 Regulation of apoptotic 5 of 1486 Ccr7, Hdac4, 1118, Map2keé,

process

Pla2g4a
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Figure 5.5: Venn diagram of genes demonstrating naive-compensatory limb sex
differences and showing overlap between groups at 8-weeks post-surgery.
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Table 5.3: Gene transcripts from the naive-compensatory limb demonstrating significant differences when evaluated by
sex at 8-weeks post-surgery. Red box denotes genes that only appear in the Naive-Compensatory DMM (NC-DMM) limb.
Genes are listed and grouped by their overlap between treatment groups. NC - Naive-compensatory; NC-SX - Naive-

compensatory Sham Surgery; NC-DMM - Naive-compensatory DMM Surgery.

NC/NC-DMM ONLY

NC-SX/NC-DMM ONLY

NC/NC-SX/NC-DMM

NC Only Genes NC-SX Only Genes NC-DMM Only Genes NC/NC-SX ONLY overlap [ET ) [HET ) Overlap
Alox5 Alox15 Bcl6 Ccl22 AdipoQ Bcl2l1 Ifit3
Cebpb Clgb Ccl2 slc2ad Ccrl Cc7 117
Chi3I3 Cc2 Ccl8 Map3k9 Cer7 Tgfb3
Cxcr2 Cd163 Elk1 Cd40 col2al
Cxcrd Gnas Gnaq Cfl1
Ddit3 Gpra4 Hdac4 Csfl
llirap H2-Eb1 Hmgb2 Daxx
I1tgh2 Hsh2d Hrasl Fltl
Pdgfa Ifi2712a 115 Ifia4
Ptgsl Ifit2 Irf3 Irf7
Retnla 111r1 Maff Keapl
Tgfb2 1122 Mafg Kngl

TIr2 Irfl Mef2b Mafk
Tnf Map3k5 Mx2 Map3k1
Trem2 Nfkb1 Nlrp3 Maspl
slclla2 Shcl Nod1 Mef2d
Statl Nr3cl Mknk1
Stat3 Pparg Mmp9
TIMP1 Prkcb Myc
TIr9 TIMP3 Nod2
leptin nr4a2 Oasla
Oas2
Oasll
Plcbl
Ptgerd
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Figure 5.6: Normalized gene expression data showing significant sex differences at 4-
weeks post-surgery in the naive-compensatory DMM limb. Differences in naive
compensatory sham surgery limbs and naive compensatory DMM surgery limbs for
ease of reference. Genes shown include C-C Motif Chemokine Ligand 2 (Ccl2) (A), C-C
Motif Chemokine Ligand 8 (Ccl8) (B), Protein kinase C beta type (Prkcb) (C), Interleukin
5 (115) (D), Interferon regulatory factor 3 (Irf3) (E), TIMP metallopeptidase inhibitor 3
(TIMP3) (F), Histone deacetylase 4 (Hdac4) (G), Nucleotide Binding Oligomerization
Domain Containing 1 (Nod1) (H), and NLR family pyrin domain containing 3 (Nlrp3) (1).
Significance differences noted, with p values shown <0.1. NC - Naive-compensatory
(Blue); NC-SX - Naive-compensatory Sham Surgery (Red); NC-DMM - Naive-
compensatory DMM Surgery (Green).
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Table 5.4: Genes showing significant sex differences at 8-weeks post-surgery in the naive-compensatory DMM limb
aligned to Gene Ontology (GO) pathways.

GO-term Description Count in Network Genes
G0:0050794 Regulation of cellular process 21 of 10932 Bcl6, Ccl2, Ccl8, Elk1, Gnaq, Hdac4,
Hmgb2, Hrasl, II5, Irf3, Maff, Mafg,
Mef2b, Mx2, Nlrp3, Nod1, Nr3cl,
Pparg, Prkcb, TIMP3, nr4a2
G0O:0065009 Regulation of molecular function 20 of 4379 Bcl6, Ccl2, Ccl8, Elk1, Gnaq, Hdac4,
Hmgb2, Hrasl, II5, Irf3, Maff, Mafg,
Mef2b, NIrp3, Nod1, Nr3cl, Pparg,
Prkcb, TIMP3, nrd4a2
G0:0010604 Positive regulation of 18 of 3467 Bcl6, Ccl2, Ccl8, Elk1, Hdac4, Hmgb?2,
macromolecule metabolic process Hras1, II5, Irf3, Maff, Mafg, Mef2b,
Nlrp3, Nod1, Nr3cl, Pparg, Prkcb,
nr4a2
G0:0006355 Regulation of transcription, dna- 16 of 2720 Bcl6, Elk1, Hdac4, Hmgb2, Hrasl, II5,
templated Irf3, Maff, Mafg, Mef2b, Nirp3, Nod1,
Nr3cl, Pparg, Prkcb, nr4a2
G0:0048583 Regulation of response to stimulus 16 of 3651 Bcl6, Ccl2, Ccl8, Gnag, Hdac4, Hmgb2,

Hras1, II5, Irf3, Nlrp3, Nod1, Nr3cl,
Pparg, Prkcb, TIMP3, nr4a2
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Chapter 6: Conclusions

6.1 Summary

Post-traumatic osteoarthritis (PTOA) is a debilitating, degenerative condition that
is characterized by clinical symptoms such as pain, swelling, and decreased range of
motion of the knee or affected joint. Therefore, the development of clinically relevant
models and creation of therapeutics that produce symptom and disease modifying
effects are critically important. To further this research, the goals of this dissertation
work was to develop and characterize a clinically relevant mouse PTOA anterior
cruciate ligament (ACL) rupture model as well as, test therapeutics in pre-established
PTOA mouse models.

To test this, Chapter 2 describes the development and characterization of a novel
full non-invasive ACL rupture model in both male and female mice. Importantly, the
described full ACL rupture model produces a rupture within the mid-substance of the
ligament and demonstrates early PTOA progression by 14-days post-rupture.
Additionally, we developed the first non-invasive partial ACL rupture model. As partial
ACL ruptures account for 10-27% of total injuries clinically, and treatment of partial ACL
rupture can differ from that of a full rupture, it is important to have a model to study and
understand partial ACL ruptures and subsequent PTOA progression. Importantly, this
clinically relevant model provides a unique way to study both full and partial mid-
substance ACL ruptures in male and female mice and can be used to tease out

potential mechanisms that could be utilized for therapeutic intervention.
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Both Chapters 3 and 4 focus on potential PTOA therapeutic interventions in pre-
established PTOA mouse models. Chapter 3 demonstrated that treatment with a toll-like
receptor 4 (TLR4) systemic antagonist provided short term, but not long term,
therapeutic effects in a cartilage defect mouse model. Following TLR4 antagonist
treatment we saw pain modulation, decreased modified Mankin OA scores and
decreased absolute RNA counts for key inflammatory genes up to 14-days post-injury.
Additionally, Chapter 4 showed that removal of red blood cells from bone marrow
aspirate concentrate (BMAC) improved the therapeutic potential of BMAC injections.

Finally, Chapter 5: (1) Identified transcriptional sex differences in knee joint tissue
from naive animals; and (2) ldentified compensatory gene expression changes related
to sex that are specific to animals receiving DMM surgery as compared to a naive
animal when taking into account surgery changes (i.e., sham surgery). These identified
transcriptional sex differences may help us not only further our understanding of the
compensatory limb following injury, but also help to identify future therapeutic

treatments for PTOA.

6.2 Future Directions

The work described within this dissertation only just begins to look at the
therapeutic treatments for PTOA. It is recommended that future therapeutic testing
should be conducted in clinically relevant PTOA models, such as the aforementioned
non-invasive full and partial ACL rupture models. Future work will focus on
characterization of the partial ACL rupture model and characterization of longer

timepoints of the full ACL rupture model.
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Interestingly, Chapter 3 raised the possibility of producing a ‘cocktail’ or
sequentially timed administration of antagonists and drugs for extended clinical
improvement. Results from Chapters 3 and 4 leave the possibility that adding a TLR4
antagonist to BMAC injections may improve their therapeutic potential. Additionally,
inflammatory transcripts that were modulated within the compensatory limb following
PTOA induction, may give valuable insight to other antagonists to add to a therapeutic
‘cocktail’ for improved effect.

Lastly, Chapter 5 demonstrated sex differences within naive limbs of mice at both
16- and 20- weeks of age. This reiterate the need for future studies to be conscious of
inherent sex difference and biological differences between male and female animals
and studies should be designed to reflect that. Additionally, this potentially implies a
need for personalized medicine and therapeutics for the treatment of PTOA depending
on genetic background and sex.

Overall, the work described in this dissertation has improved our understanding
of the mouse knee joint during PTOA progression and potential therapeutics and targets

for clinical treatment of PTOA.
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Appendix: Supplemental Figures and Tables
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Supplemental Figure 2.1 (A) Comparison of percent relaxation during preconditioning for male and female mice. (B)

Representative output loading curves for both female and male mice. Percent relaxation was calculated as 1-(Load at 200

cycles/Peak Load). (C) Mouse weights (in grams), at baseline (day 0) and day 14 post ACL rupture.
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Supplemental Figure 2.2 Median modified OARSI histopathology scores for OA,
following full ACL rupture on the right hind limb (black) of mice. Contralateral sham left
limb scores (gray) included for reference. Medial Tibial Plateau (MTP), Medial Femoral
Condyle (MFC), Lateral Tibial Plateau (LTP), Lateral Femoral Condyle (LFC)

151



Supplemental Table 2.2 Correlation of scored histopathology parameters to tibial displacement peak force during injury
induction.

Parameter R? value p-value

Medial Tibial Plateau (MTP) 0.0001 0.9546
Medial Femoral Condyle (MFC) 0.0065 0.7206
Lateral Tibial Plateau (LTP) 0.0040 0.7498
Lateral Femoral Condyle (LFC) 0.0032 0.7983
Enthesophytes 0.0944 0.0987
Subchondral Bone 0.0773 0.1368
Synovitis 0.0168 0.4953

Blood 0.0084 0.6363

Deposits 0.0138 0.5364

ACL 0.0409 0.3549

PCL 0.1023 0.1820

Joint Capsule 0.0079 0.6396

Menisci 0.1211 0.0595
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Supplemental Table 2.3 Table of MRI acquisition parameters

Sequence
FOV
Slice Thickness
Interslice Distance
# Slices
Slice Orientation
# Echoes
TR
TE
Echo Spacing
RARE Factor
# Averages
# Dummy Scans
Fat Suppression
Fat Water Separation
In-plane Resolution
Matrix Size
Exc Pulse Flip Angle
Ref Pulse Flip Angle
Total Acquisition Time

T1_RARE-sag
40x40 mm
1.2mm
0.3 mm
28
sagittal
1
788 ms
7.5ms
7.5ms
2

3
yes
no
156x156 um
256x256
90 degrees
180 degrees
06 minutes 43 seconds

RARE_PD_FS-cor
60x60 mm
1.2 mm
0.3 mm
16
coronal
1
2600 ms
32 ms
8.0 ms
8
4
1
yes
no
324x324 um
256x256
90 degrees
180 degrees
05 minutes 32 seconds
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RARE_PD_FS-sag
40x40 mm
1.2mm
0.3 mm
28
sagital
1
2600 ms
32 ms
8.0 ms
8
4
1
yes
no
156x156 um
256x256
90 degrees
180 degrees

05 minutes 32 seconds

T2_DIXON-cor
60x60 mm
1.2mm
0.3 mm
16
coronal
1
1234 ms
24 ms
8.0 ms
8
4
1
no
yes
188x188 um
320x320
90 degrees
180 degrees
6 minutes 34 seconds

T2_DIXON-sag
40x40 mm
1.2 mm
0.3 mm
28
sagital
1
1780
24 ms
8.0 ms
8
4
1
no
yes
125x125 um
320x320
90 degrees
180 degrees
8 minutes 22 seconds



0.0070

<0.0001
A B C D 0.0215 0.0003
0.04 - 0.03 0.04- 5 1
Y ®
° 0.02 o o
0_02_ - 0_02_ o_ ...............................................
_— — o) = [ J
2 2 0.01 2 < . o %
Q 0.00 i 2 0.00- 5- ots
S £ 0.0 3 < . *°
n m a = oo
-0.02 0.01- -0.02- 10
[ )
-0.04 T T T T -0.02 T T T T -0.04 T T T T -15 T T T T
S v°$ é\b @é\ S W ‘i‘\b @é\ N \/°$ ‘(‘\6 @é\ N v°$ ‘i‘\b Q'*‘é'o
S A P L e L AP &
%& 9 6‘ %' ) 6 %o %' & <
NEEECAIR NEEECAIR NI 5 NEEECIIR

Supplemental Figure 3.1: Digigait controlled treadmill walking at 30cm/s at a 0-degree inclined/declined (flat).
Parameters of interest have differences shown between groups after subtracting from baseline for stance (s) (A), brake
(s) (B), propel (s) (C), and Min dA/dt (D). Sterile Saline treated animals are labeled in blue, with the published LPS-RS
dose from the manuscript labeled as “low” (1ug LPS-RS 3x week) and coded in red. LPS-RS animals receiving a “mid”
(Tug LPS-RS daily) dose are found in green and LPS-RS animals receiving a “high” (10ug LPS-RS 3x week) dose are in
purple. Significant differences noted, with p-values shown <0.1
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Supplemental Figure 3.2: Digigait controlled treadmill walking at 30cm/s at a 0-degree inclined/declined (flat).
Parameters of interest have differences shown between groups after subtracting from baseline for Stride Length (cm) (A),
and swing (s) (B). Sterile Saline treated animals are labeled in blue with LPS-RS treated animals labeled in red.
Significant differences noted, with p-values shown <0.1.
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Supplemental Figure 3.3: Macroscopic imaging of femoral joint pathology stained with
India ink from sterile saline injected animals (left) and TLR4 antagonist injected animals
(right). Images of femoral condyles for visualization of damage to the patellofemoral
groove. Representative image of animals two-weeks post-injury (top) treated with sterile
saline (A) or LPS-RS (B). Animals four-weeks post-injury (bottom) treated with sterile
saline (C) or LPS-RS (D).
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Supplemental Figure 4.1: Digigait controlled treadmill walking at 35cm/s on a flat
horizontal surface. Parameters of interest are shown both overtime and between groups
for %swing stride (A, B), %stance stride (C, D), %brake stride (E, F), and %propel stride
(G, H). Filled in symbols indicate male animals and open symbols indicate female
animals. Significant differences noted, with p value noted <0.1 and significant
differences over time labeled (*p<0.05).
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Supplemental Figure 4.2: OARSI histopathology scores following DMM surgery and
treatment with untreated control (blue), BMAC (green), or RBC-depleted BMAC
(purple). Medial Tibial Plateau (MTP), Medial Femoral Condyle (MFC), Lateral Tibial
Plateau (LTP), Lateral Femoral Condyle (LFC). Filled in symbols indicate male animals
and open symbols indicate female animals.
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Supplemental Figure 5.1: Normalized gene expression data of Histone deacetylase 4 (Hdac4) stratified by timepoint and
treatment group for male (A) and female (B) animals. Significance differences noted, with p values shown <0.1. NC -
Naive-compensatory (Blue); NC-SX - Naive-compensatory Sham Surgery (Red); NC-DMM - Naive-compensatory DMM
Surgery (Green).

159



