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Post traumatic osteoarthritis or PTOA is characterized as a painful and 
debilitating joint disease. The physiological effects that occur during PTOA progression 
and chronic disease are severe joint pain, inhibition of movement, and extreme 
degradation of the cartilage and underlying bone. PTOA is rampant worldwide, affecting 
millions of individuals. In the United States alone, PTOA is the 5th leading cause of 
physical disability and carries the 8th highest financial burden on the healthcare system 
[1] . The articular knee joint is comprised of several tissues including cartilage on both 
the tibia and femur, as well as underlying trabecular bone known as the subchondral 
bone. Supporting the joint, is a soft membrane capsule known as the synovial lining 
which contains fluid essential in joint lubrication. The synovial fluid within the joint is 
crucial for maintaining joint movement and restraining the continual compressive stress 
induced by daily activities. For many individuals, these tissues will sustain their 
functionality into old age. Within the next two decades, health institutes like the Center 
for Disease Control [1] have projected a rise in osteoarthritis that correlates to the aging 
population in the United States. Additionally, nearly 12% of all cases of osteoarthritis [2] 
currently reported are induced by trauma. PTOA is rampant among all ages and has a 
similar pathogenesis as OA.  Currently, there are no effective preventatives, extremely 
limited treatments, and poor biochemical prognosis for detecting OA, as well as 
progression to PTOA after trauma.  

Nearly 50% of individuals who encounter a traumatic knee injury and do not 
proceed with reconstructive surgery are later diagnosed with PTOA. Interestingly, the 
remaining individuals spontaneously resolve this disease, continuing daily activities 
without pain, disability, and knee joint degradation. These individuals are thought to have 
a regenerative mechanism associated with their injury response. Due to the complex 
nature of attaining tissues from these individuals, researchers have begun using mouse 
strains with differing susceptibilities to PTOA to elucidate a potential regenerative 
mechanism associated with healing capabilities. This study identifies the MRL/MpJ 
mouse strain as a PTOA-resistant model in studying the onset of PTOA after tibial 
compression injury. By induction of an ACL rupture, we have identified several 
subpopulations of chondrocytes in addition to changes in joint supporting stromal cells, 
including endothelial cells, that aid in attenuating severe degradation of cartilage and 
bone through their interactions with the immune system. Additionally, a dynamic change 
in MRL/MpJ myeloid populations after injury indicates there is a shift in macrophage 
populations after injury that prompt the knee joint microenvironment towards an anti-
inflammatory, wound healing phenotype. In short, this research identifies potential 
cellular and molecular targets for drug delivery and pharmacological intervention that 
may hinder the severe joint degradation seen in patients around the globe.
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Chapter 1. Introduction 
Osteoarthritis, also known as OA, is a degenerative joint disease that occurs in 

individuals of all ages. OA is characterized by severe degradation of cartilage and bone in 

articulated joints including hip, ankle, wrist, fingers, spine, and knee [3]. Currently, OA is 

the 5th leading cause if disability worldwide [1], affecting millions of individuals every 

year. In the United States, it is considered the leading mobility-related disability [4] Tissue 

degradation described in OA is usually caused by mechanical wear of the articular surface 

of the bone. OA can be divided into two classifications of disease: primary OA and 

secondary OA [1]. Primary OA is common among elderly individuals and its progression 

is primarily described as prolonged wear and tear of the joints causing deformation of the 

cartilage and bone over time [5]. Primary OA can be considered a chronic disease, with 

progression taking place on the scale of decades [5]. Additionally, primary OA can be 

caused by other factors such as obesity, diabetes, diet, gender, musculoskeletal disorders, 

and genetic predisposition [1]. On the other hand, secondary OA is caused by traumatic 

injury to the joint and is usually the result of an anterior cruciate ligament [6] tear, medial 

meniscus (MM) tear, or intra articular fracture (IAF) [7]. Secondary OA is known as Post 

Traumatic Osteoarthritis or PTOA. There is no defining age for PTOA, as it is an inducible 

disease that is prominent in many young, active individuals [8]. During the progression of 

PTOA, joint instability and inflammation begins immediately after trauma; intensifying 

degradation of the cartilage, bone, synovial tissue, meniscus, and remaining tendons and 

ligaments [9]. Currently, there are no cures or preventatives, as well as limited treatments 

available for this disease.  

1.1 Osteoarthritis and Post Traumatic Osteoarthritis 

1.1.1 Incidence and burden 

Nearly 350 million people currently have arthritis [1] and in the United States (US), 

1 in 4 adults have been diagnosed with arthritis [1]. In individuals with arthritis that are 

over 40, more than 22% have been diagnosed with knee joint OA [10]. Those individuals 

affected by OA suffer from a multitude of symptoms including severe joint pain, swelling, 

stiffness and potential loss of use due to the physiological changes that occur to articulated 
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joints. Osteoarthritis is a primary form of arthritis that is vastly studied due to its high 

incidence, lack of treatments and clinical burden. Over 32 million adults in the United 

States are currently affected by OA [4] and the Center for Disease Control [1] has estimated 

that by 2040, 78 million Americans that are 18 years of age or older will be diagnosed with 

OA. Musculoskeletal diseases cost for nearly $400 billion on average each year, accounts 

for nearly 49% of ambulatory care, 22% of Inpatient care, and 13% of prescribed 

pharmaceuticals [11]. Osteoarthritis care accounts for nearly $80 billion in medical 

spending costs, and accounts for nearly 27% of ambulatory care, 50% of Inpatient care, 

and 6% of prescribed pharmaceuticals [11]. Additionally, OA ranks 8th among health 

conditions for highest healthcare spending budget. Furthermore, PTOA management costs 

nearly $12 billion, with direct related costs reaching $3 billion. With the rise in age of the 

US population, OA is becoming a greater risk and burden on our healthcare systems.  

1.2 Diagnosis and Treatment 

1.2.1 Clinical Diagnostics 

OA and PTOA are diagnosed very similarly due to their chronic onset. Usually, a 

consultation of an individual’s medical history will be conducted to determine the current 

symptoms, if any, the patient is having. Additionally, questions on general health, family 

history, and habits will also be asked to determine risk and current disease state. In most 

cases, these diseases are then diagnosed through physical examination by a doctor. 

Following physical examination, patients are usually subjected to a radiograph, Magnetic 

Resonance Imaging (MRI) or Computed Tomography (CT); the most common method of 

the three being a radiograph [12]. While radiographs are not indicative of soft tissue 

damage, they are essential in identifying degradation of subchondral bone and thus severe 

OA or PTOA [13]. When used, traditional MRI and CT scans can diagnose changes to the 

cartilage matric and some damage to the surrounding joint tissues although early cases of 

OA and PTOA are commonly left undiagnosed using these methods.  

MRI’s use nonionizing radiation to temporarily align protons in the tissue of 

interest, and are dependent on magnetic field strength, pulse sequence, tissue thickness as 
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well as field of view [13]. Many new techniques for MRI imaging have arisen over the past 

decade, giving clinicians and researchers new methods for identifying cartilage damage 

early on in OA and PTOA progression. These include identification of and changes to 

certain ions or other molecules in the tissue i.e., Sodium, Glycosaminoglycans (GAGs) and 

Proteoglycans (PGs). Furthermore, CT scans identify tissue morphology by bending a 

beam of x-rays around the joint and detecting the reflection of the beam off the tissue. This 

information is then analyzed and converted into cross sections or three-dimensional models 

to identify severe changes to deeper tissues i.e., subchondral bone. To further analyze, 

anionic, iodine-based contrast agents can be used to label unhealthy cartilage [14]. When 

the cartilage is compromised, as it is in cases of OA and PTOA, there is uptake within the 

cartilage that can be detected using CT imaging [15]. GAGs repel these anionic agents, 

leaving the healthy cartilage free of signal, and regions of degradation or cartilage lesions 

concentrated with these anionic contrast agents. 

 
Figure Error! No text of specified style in document..1: Examples of Current Diagnostics 
Available. MRI (left) and X-ray (right) are the main tools available for clinical diagnosis 
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of soft tissue and bone damage, respectfully. (Images adapted from Silvestri et al 2018 and 
Burgers et al 2016) 

1.2.2 Current PTOA Treatments 

While preventatives are extremely limited for chronic PTOA onset, treatment 

options are nearly as scarce. A majority of patients who suffer from chronic PTOA are 

limited to pain management strategies. Among these are pharmacological interventions, 

physical therapy and, in severe cases, replacement arthroplasty [16]. Individuals who suffer 

from chronic PTOA must live their lives managing pain pharmacologically. General pain 

relievers known as analgesics, are relatively common for mild to moderate pain 

management [17, 18]. In short, these over-the-counter drugs are readily available for 

individuals, although they have no effect on the joint itself. Nonsteroidal anti-inflammatory 

drugs (NSAIDs) are a more advanced pain reliever that acts as an anti-inflammatory by 

blocking cyclooxygenases (COX) [19] The COX enzyme is responsible for converting 

fatty acids in the body to smaller lipids known as prostaglandins. Prostaglandins are 

responsible for maintaining and mediating the bodies pro-inflammatory response [20]. 

Corticosteroids, also known as glucocorticoids, work in a similar manner to NSAIDs in 

that they reduce the inflammatory response by mimicking a natural hormone the body 

produces known as cortisol. Cortisol is responsible for managing the bodies stress response 

as well as regulating metabolism, inflammation, and the immune response [21]. 
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Figure Error! No text of specified style in document..2 Research direction for PTOA 
Treatments and Preventatives. (Adapted from Khella et al 2022) 

In addition to multiple available medicines for pain management, physical therapy 

(PT) has been essential in patient recovery. PT typically aims to improve the mobility of a 

patients affected joint to restore its use [22]. Additionally, it is responsible for increasing 

the strength of the joint and maintaining fitness; both necessary to continue performing 

daily tasks. Unfortunately, PT and pharmacologic intervention are simplified treatments 

that target managing the pain associated with joint trauma and do very little to actually heal 

the tissue. In many cases, patients must undergo a cartilage allograph or full knee 

replacement [23]. 

Overall, there is a severe lack of treatments available, and those currently in use are 

centered around symptom resolution rather than tissue healing. Due to the lack of growth 

in the articular cartilage, new treatments are needed to address the lack of lubrication, 

support and resistance that native cartilage supplies, by promoting regeneration of this 

tissue in the articular joint.  
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1.3 Synovial Knee Joint Composition  

 

Figure Error! No text of specified style in document..3 Schematic of healthy and 
degraded, arthritic knee joint 

1.3.1 Cartilage 

Synovial joints are comprised of several tissues including the articular cartilage 

[24]. The main function of cartilage is to protect, lubricate and cushion the boney areas that 

it covers [25]. Cartilage is comprised of mostly water, followed by several complex 

complex biomolecules, such as GAGs and PGs [26]. In addition, the extracellular matrix 

(ECM) of this tissue is high in collagen content as well as other sulfated proteoglycans i.e., 

aggrecan, chondroitin sulphate and hyaluronan [25].  

Cartilage can be divided into three categories based on location and function. 

Fibrocartilage is highly resistant to tension and compression and is primarily found in the 

supporting ligaments surrounding joints. This cartilage is high in collagen 1 and is contains 
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lower amounts of proteoglycans than other cartilage types. [27]. Commonly found in the 

larynx and ear, elastic cartilage is an extremely flexible form of cartilage that is resistant 

to extreme pressure [28]. Last, hyaline cartilage is the most common cartilage in the body 

and is characterized by its blue-white color and glassy smooth appearance [29]. 

Additionally, hyaline cartilage is high in collagen 2 and proteoglycans. It is extremely 

resistant to compression and is commonly found on bone surfaces within joints [29]. 

Cartilage is a relatively avascular and aneural tissue [30]. Joint pain commonly associated 

with injury, like PTOA, is usually the result of inflammation and damage to the 

surrounding bone and synovium caused by immune infiltration [30]. Due to the avascular 

nature of the cartilage, chondrocytes rely on diffusion of nutrients through the ECM that is 

enhanced by regular compressive forces acting on the cartilage [31].  

 
Figure Error! No text of specified style in document..4 Schematic of articular cartilage 
composition at a cellular and protein level. (Adapted from Ondresik 2017 and Grimsholm 
2008) 

1.3.2 The Chondrocyte 

Within the extracellular matrix are embedded the resident cells of the tissue known 

as chondrocytes. Chondrocytes reside in small cavities in the ECM known as lacunae and 

are responsible for secreting many of the proteins essential to maintaining the ECM [24]. 

Chondrocytes have adapted to survive in a nutrient poor, hypoxic environment, 

demonstrating the reasoning for their slow metabolic rates. While chondrocytes are 

normally in a resting steady state, they are still the main producers of ECM proteins [8]. 

Chondrocytes are not normally proliferative, but once trauma is induced, there is a spike 
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in their metabolic activity, and some undergo rampant proliferation, inducing a severe 

transformation to the composition and organization of the ECM [8]. Additionally, 

chondrocytes will respond to a change in their environment by producing oxygen free 

radicals and begin their terminal differentiation into hypertrophic chondrocytes [24]. 

Chondrocytes cause a positive feedback loop during tissue disturbance, by increasing the 

production of cartilage degrading enzymes such as aggrecanases, matrix 

metalloproteinases (MMPs), and other proteases responsible for degrading the ECM [8]. 

As these proteases are released, chondrocytes undergo apoptosis, resulting in cell death 

and continued loss of cartilage tissue eventually resulting in loss of subchondral bone [8].  

1.3.3 Bone 

Long bones are made up of two types of bone tissue: Cortical and Trabecular bone. 

Cortical bone primarily encompasses the long regions of each bone [32]. It is highly 

compact, tough, vascularized and provides a cavity for the bone marrow. Cortical bone is 

essential in supporting movement of the body and providing protection of internal organs. 

[32]. Cancellous bone, also known as trabecular or spongy bone, is a porous tissue found 

at the end of long bones under the cartilage region [33]. This bone can be thought of as an 

interconnected web of bone rods and plates essential in providing strength to the bone [34]. 

Additionally, it aids in dispersing load away from the joint cavity and towards the cortical 

bone [33]. Under the cartilage is a region of trabecular bone known as the subchondral 

bone. This bone region is essential in supporting the cartilage and in severe cases of OA is 

prone to damage and severe degradation caused by mechanical stress [35]. Additionally, 

this bone region encompasses a network of vessels and nerves that provide mechanical and 

nutritional support to the cartilage [35]. 

1.3.4 Synovium and Infrapatellar Fat Pad 

The soft supporting region known as the synovium is a capsule like tissue that 

surrounds the bone and cartilage of synovial joints [36]. The synovium is necessary to 

provide additional nutrients to the cartilage as well as regulate the lubrication and 

movement of the joint without damage [37]. Within the joint capsule is the synovial fluid, 



 

9 

which is comprised of several proteins and enzymes essential in maintenance of the joint 

tissue. These include collagenases, proteinases, lubricin, hyaluronan, and prostaglandins. 

In addition to these molecules, the synovial tissue and synovial fluid are home to many 

resident immune cells [38]. Additionally, when the joint is challenged, mechanically or 

through infection, there is in influx of immune cells into the synovium and synovial fluid 

that are essential in tissue recovery and healing [38]. In a healthy joint, the synovial lining 

is comprised of several layers known as the intima and subintima. Over the subintima is a 

later of highly vascularized connective tissue that is home to synoviocytes and fibroblast 

[39]. Synoviocytes are metabolically active cells, while fibroblasts are critical for collagen 

production and secretion [39, 40]. 

Beneath the synovial lining, in the anterior region of the knee, is the infrapatellar 

fat pad (IPFP) [41] [42]. This adipose tissue is responsible for reduction of impact and 

protection from mechanical damage [41] [42]. In addition to resident adipocytes, the IPFP 

is home to many immune cells including leukocytes, macrophages, and other phagocytotic 

cells essential in joint maintenance and trauma response [41]. During trauma, there is an 

influx of immune cells into the IPFP, leading to joint swelling and local necrosis that 

structurally alters the joints physiology [41]. Additionally, the IPFP and resident immune 

cells are producers of several adipokines, and cytokines produced after trauma to signal an 

inflammatory response essential in maintaining joint integrity [43] and remodeling [44]. 

1.3.5 Immune Cells 

 The immune system is a robust array of organs, specialized cells, humoral factors, 

and cytokines, all with multiple functions in the body [45]. This system is essential in 

maintaining healthy tissue by fighting disease, removing dead tissue, signaling to local 

cells, and promoting tissue regeneration [45, 46]. The immune system is split into two 

highly interactive sub-systems known as the adaptive and innate immune systems [45].  
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Figure Error! No text of specified style in document..5 Components of the innate and 
adaptive immune system (Created with Biorender)  

The innate immune response is an inherent, non-specific, immediate response and 

acts as the first line of defense in recognizing foreign antigens in the body [47]. The innate 

immune system protects the body through physical (i.e., skin, mucus membranes, hair, 

cilia) and chemical (i.e., lysosomes, saliva, pH) barriers [48]. The innate immune response 

is comprised of myeloid derived cells that are either phagocytotic or granulocytic in nature. 

These cells include macrophages, monocytes, mast cells, dendritic cells, as well as 

neutrophils, basophils and eosinophils and complement proteins [48]. Additionally, some 

natural killer T cells are also lymphocytic cells that do not have antigen specificity and thus 

are considered to be part of both innate and adaptive immunity [49]. On the other hand, the 

adaptive immune response is primarily comprised if lymphoid cells essential in specificity, 

immunological memory, and self-antigen recognition. Cells of the adaptive immune 

system include B lymphocytes and T lymphocytes. Within these two cell populations are 

several subcategories of functionally unique cells including plasma cells, memory B cells, 

T helper cells, and cytotoxic T cells [49]. These cells are highly specific in their responses 

to foreign invaders and act as the second line of defense against specific pathogens or 

damage that occurs to the body [50]. 
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Figure Error! No text of specified style in document..6 Resident and infiltrating immune 
components in the synovial knee joint (Created with BioRender) 

Within the synovial joint, there are resident immune cells native to local tissues that aid in 

regulating the mechanical stress and signaling between cells. In the context of joint 

diseases, like OA or PTOA, these resident immune cells mainly include macrophages [51]. 

During injury, additional macrophages as well as monocytes, neutrophils, mast cells, T and 

B cells are recruited into the synovial joint [52]. Initially, the joint enters a pro-

inflammatory state by recognizing molecules known as damage-associated molecular 

patterns (DAMPS) via pattern recognition receptors (PRRS) on the surface of resident cells 

[53, 54]. Secondly, inflammatory signaling pathways are activated by cellular cytokine or 

chemokine production, (i.e., interleukins (IL), colony stimulating factors (CSF), 

interferons (IFN), tumor necrosis factors (TNF), tumor growth factors (TGF)). Finally, 

specialized immune cells called lymphocytes are recruited to the site of trauma [55]. From 

this state, the damaged tissue is mediated by additional cell signaling molecule to extend 

the proinflammatory state or begin tissue remodeling. In arthritic synovial joints, 

neutrophils have been shown mediate the inflammatory response by recruitment of NK 

cells [51, 56] . Additionally, neutrophils have also been shown to assist in the migration of 

monocytes and dendritic cells into the tissue through cytokine signaling [57].  
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Additionally, monocytes and steady state macrophages have a similar function to 

neutrophils in initiating inflammation but are also vital in resolving it via anti-inflammatory 

signaling. When prompted infiltrating monocytes can differentiate into macrophages which 

are functionally distinct from tissue resident macrophages in the synovium [58]. These 

monocyte-derived macrophages are activated by the inflammatory environment and 

depending on the array of cytokines being produced, will transform into either a classically 

activated, proinflammatory, M1 macrophage or an alternatively activated, anti-

inflammatory, M2 macrophage [59]. While these stages are traditionally thought of as two 

distinct populations, current research has shown that this polarization is represented by 

more of a spectrum of activation states [60]. Current research shows that alternatively 

activated M2 macrophages may be essential in joint maintenance after trauma [60, 61]. 

1.4 Disease Pathogenesis  

1.4.1 Phases of PTOA 

 The progression of PTOA can be split into several phases of physiologic changes 

that occur to the tissue [62]. Figure 1. 1 showcases the onset of PTOA after traumatic 

injury. Initially, the joint responds in injury by entering the immediate phase [63]. In this 

phase, cellular necrosis begins in multiple cell types as a response to injury. Additionally, 

the ECM of the articular cartilage begins to lose its integrity through collagen rupture, 

cartilage swelling, and loss of proteoglycans [63]. Last, hemarthrosis, or “joint bleeding” 

begins to occur when vessels rupture in the joint space, mixing with debris from damage 

tissue and cells, which leads to swelling of the joint [64]. 

The second phase of PTOA is known as the acute phase. This phase is 

characterized by the infiltration of immune cells into the joint space, severe ECM 

degradation, decreases in joint lubrication including the synovial fluid, and an increases 

in chondrocyte apoptosis [64]. After the initial immune response has subsided, the knee 

joint enters into an asymptomatic phase in which tissue damage can progress without 

surgical intervention [64]. It is at this stage that most individuals will opt into 

reconstructive surgery and begin surgical recovery. For those individuals that do not elect 
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surgery, joints will either progress to painful, chronic PTOA or spontaneously resolve the 

disease, leaving individuals to live a healthy pain free life [65]. The mechanism of this 

dichotomy is still unknown, leaving patients who suffer from knee trauma and progress to 

chronic PTOA without treatments or preventatives. 

 

Figure 1. 1 Phases of Post Traumatic Osteoarthritic Progression. Disease progression includes the 
four phases followed by chronic PTOA onset or spontaneous resolution of the disease. (Created 
with Biorender) 

1.5 Methods of studying PTOA 

1.5.1 In vitro vs. in vivo research 

For the past few decades, PTOA research has focused on understanding PTOA 

progression in later stages when it can be physically diagnosed, and damage has already 

occurred. While understanding chronic PTOA is essential in determining which tissues and 

cells are affected by this disease, novel research of early mechanisms directly after injury 



 

14 

is essential in prevention of chronic PTOA. Researchers have since turned to identifying 

immediate cellular response to trauma.  

In the past, in vitro cell culture methodologies using fibroblast cell lines 

differentiated into “chondrocyte-like” cells have been used to determine the direct affects 

that cytokines, proteases, growth factors and other signaling molecules have directly on 

chondrocytes. While these studies have laid a foundation for understanding chondrocyte 

response, current research has shown that chondrocytes are highly reliant on their 

microenvironment within the joint and without it are prone to de-differentiation into 

fibroblasts. Thus, crosstalk between cell types is essential in maintaining a healthy joint, 

and includes not only chondrocytes, but resident cells in the bone, synovium, fat, and 

immune system. 

To combat the lack of support provided by monolayer culture, new in vitro 

culturing techniques have arisen that include pellet culture [66], 3-dimensional spheroid 

culture [67], co-culture [68] and supplemented media [69]. Additionally, more studies have 

moved to in vivo models to fully recapitulate healthy and diseased joint environments. 

Multiple techniques have been used to mimic common injuries in humans that consistently 

lead to chronic PTOA, the most common being damage to the ACL and MM [70]. By 

employing surgical methods, researchers have been able to study the environment and 

cellular responses of a destabilized joint and track the progression of PTOA until chronic 

onset has occurred [71]. While mouse models of PTOA may not completely recapitulate 

human disease, it allows researchers to identify early changes to the joint that occurs after 

trauma; a feat otherwise impossible when analyzing arthritic cartilage from joints 

replacement surgeries [72] . 

1.6 MRL/MpJ “Super-healer” Mice 

To better identify the cellular mechanisms associated with the onset of PTOA, 

researchers have used mouse models to replicate injury and disease progression. One such, 

is the MRL/MpJ (MRL) mouse strain. This strain was initially selected for its larger than 

average size [73]. In the past few decades, the MRL mouse has been shown to have 
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regenerative capabilities in several tissues including cornea, skin, nervous system, muscle, 

and of interest, reparation of ear punch wounds and full thickness cartilage lesions [74-77] 

[78]. The healing capabilities of these mice has given them the colloquial name of “super-

healers.” As previously shown, MRL have an exquisite capability to regenerate tissue as 

opposed to healing through the production of disorganized collagen that forms scar tissue 

[79]. This regeneration is defined as the ability to form a blastema, breakdown the 

basement membrane and reestablish tissue with normal architecture and function [79].  

Regeneration is common in tissues like the liver [80] and skeletal muscle [81] but 

is extremely rare in avascular tissues such as the cartilage. In addition, MRL possess the 

capability to pass this trait on to their offspring [79]. Previous evaluation of MRL ear 

cartilage demonstrates that these animals have normal chondrogenesis and angiogenesis 

after injury, indicating that this regenerated cartilage is functionally the same as uninjured 

tissue [82]. In addition, the articular cartilage of these mice also possesses the capability to 

regenerate after full thickness lesions are induced [74]. Fitzgerald et al evaluated 

proteoglycan, collagen 2, and collagen 6 levels in uninjured and regenerated cartilage, 

showing that MRL possess the capability to not only deposit cartilage with normal ECM 

and proteoglycan levels but also retain collagen concentrations [74]. While their 

mechanism of regeneration is still poorly understood, new research suggests that MRL 

mice may have enhanced healing capabilities in the cartilage [62, 73], in addition to a 

complex immune system that may aid in their regenerative mechanisms [83]. By using the 

MRL strain to study disease prevention, researcher will be able to identify cellular and 

molecular targets for potential preventative measures and pharmacological interventions to 

combat the progression of PTOA in humans. 

1.7 Significance & statement of work 

The global burden, prevalence, and financial liability associated with PTOA 

emphasizes the need to understand disease progression at a cellular level. Mechanistically, 

PTOA is poorly understood, and thus the development of new treatments is lacking. By 

increasing our knowledge of not only the normal function of cells in a healthy joint but 

also those early on in PTOA progression, researchers can further elucidate the mechanism 
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of tissue degradation and immune response in hopes of developing future treatments. 

Additionally, identification of potential cartilage regenerative mechanisms is essential in 

the prevention of cartilage deterioration in both OA and PTOA. Current research in PTOA 

has been limited to mouse models and validations in vitro which limit the environmental 

impact of the joints as a tissue. With the advent of next generation sequencing technologies, 

non-invasive PTOA induction models and advancement of computational tools, the 

molecular mechanisms associated with PTOA will no longer perplex researchers and 

clinicians. The shift in identifying the joint as a whole tissue as opposed to individual pieces 

has moved the fields progress in finding clinical treatments and preventatives forward 

exponentially.  

Despite this progress, there are still technical challenges that limit using these new 

technological capabilities. This research identifies a technical gap in the field and employs 

new sequencing technologies to further elucidate the cellular composition of murine 

articular cartilage. Chapter 2 describes a novel method for genetically targeting 

chondrocytes using a modified reporter protein for isolation of primary cells. By using a 

transgenic mouse line that fluorescently tags collagen 2 expressing cells, this study was 

able to enrich for primary chondrocytes from the articular cartilage of the knee joint using 

Fluorescently Activated Cell Sorting (FACS). Chapter 3 expands on the changes to 

articular chondrocytes that are induced by trauma by analyzing an assortment of joint cells. 

This study used the novel method established in Chapter 2 to isolate murine articular 

chondrocytes from different strains of mice with varying susceptibilities to PTOA as well 

as joint supporting stromal populations. These cells were then analyzed using single cell 

RNA sequencing and transcriptionally unique subpopulations of chondrocytes were 

identified in healthy joints as well as over the course of PTOA progression. 

Osteoimmunology is a vast field that primarily focuses on the bone marrow 

microenvironment and establishment of the bone’s relationship with the immune system. 

While studies have identified that there is a large flux of immune cells into the synovial 

joint, it has only been in the last decade that researchers have begun to reveal the function 

of the immune system during PTOA progression. Chapter 4 utilizes single cell RNA 
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sequencing paired with an optimized synovial joint digest from murine knee joints to 

identify the foundational populations of immune cells within the joint. In addition, this 

study identifies trends in multiple immune populations as they respond to injury in the 

same mouse strains used in Chapter 3. The knowledge gained in these studies has changed 

the foundation of what is currently known about the cellular composition of the synovial 

joint. Not only have new subpopulations been identified in both immune and chondrocyte 

populations, but their direct response to injury gives future research a foundation for new 

pharmacological developments and potential early biomarkers of PTOA onset. 
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Chapter 2. Isolation of Murine Articular Chondrocytes for Single-Cell RNA or Bulk 
RNA Sequencing Analysis 

Abstract  

The interactions of cells within the joint microenvironment are relatively unknown 

in [84] studying joint diseases such as PTOA. To date, cartilage and bone have been 

extremely difficult to study at the cellular level due to their densely packed matrices and 

sparce cellular nature; requiring most transcriptomic research to date being conducted 

using RNA from whole bone tissues or through in vitro studies. With the increased interest 

in studying the cellular components of tissues like bone and cartilage, there has been a push 

to improve next generation sequencing technologies from generic bulk RNA sequencing 

to help identify specific transcriptional changes to individual cells within the tissue. Single-

cell RNA Sequencing (scRNAseq) is a novel technology that is highly sensitive to 

transcriptional changes within cell populations of a tissue and has allowed the field to gain 

information on cellular interactions and subpopulations in numerous tissues, including 

articulated joints. Because scRNAseq can elucidate the cellular composition of a tissue of 

interest, it increases opportunities for bone and cartilage researchers to understand which 

cells are embedded in these tissues and how those cells interact and respond to trauma or 

other stimuli. Currently, protocols for isolating viable, intact cells from soft tissues are well 

established, while bone and cartilage have been limited to in vitro studies or embryonic 

chondrocytes. Due to the dense, fibrous extracellular matrix, obtaining a single cell 

suspension of adult murine chondrocytes for scRNAseq is extremely difficult. This chapter 

highlights a successful protocol using a collagen specific transgenic reporter mouse to 

successfully isolate articular chondrocytes from murine knee joints. The subsequent 

chapters demonstrate that chondrocytes and other joint interacting cells can be enriched 

through flow cytometry and analyzed via single-cell RNA sequencing using this optimized 

enzymatic cartilage digest from murine long bones. 
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Introduction 

Osteoarthritis [2] is degenerative joint disease characterized by degradation of 

bone, cartilage, and connective tissue within an articulated joint [1]. OA and other 

inflammatory diseases related to orthopedic trauma and joint degeneration are the leading 

causes of disability worldwide [1]. This painful disease is highly studied at late disease 

stages, although the cellular response to disease early in progression is poorly understood 

due to the complexity of joint tissues such as cartilage and bone.  

Individuals diagnosed with OA must rely on pain management strategies to combat 

symptoms of this disease caused by the mechanical degradation of the articulated joint. 

This is usually caused by significant physical and molecular changes that occur to the 

articular cartilage, synovial capsule, tendons, ligaments, skeletal muscles and bone [85, 

86]. Over the past 30 years, scientists have emphasized the need for better “omics” 

technologies for analyzing biological systems at the cellular and molecular level. By better 

understanding the genomic, transcriptomic, proteomic, and metabolomic data essential in 

studying health and disease, researchers and clinicians can develop better targets for 

treating pain, decreasing tissue damage, and preventing disease onset. New sequencing 

technologies are important in understanding the protein interactions, gene expressions, and 

epigenetics of cells in response to stressors on the body. Additionally new sequencing tools 

have become crucial in finding causal relationships between cellular identity, function and 

phenotype of disease progression previously not discovered [87]. 

The need for new “omic” technologies began in large part with the start of the 

Human Genome Project in the late 1980s supported by the National Institute of Health 

where scientists aimed to create a complete map of the human genome. In determining the 

exact sequence using early genomic tools, the Human Genome Project laid the foundation 

for many technologies we use today, including advanced sequencing techniques. More 

recently, the Human Cell Atlas project was established in 2016 to help transform our 

current understanding of the human body in health and disease. This project has helped 

increase progress of new “omics” technologies with its goal of understanding cellular sub-

types, locations, states, development, and processes. By combining clinical, translational, 
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and computational data, the Human Cell Atlas has created a catalog of the nearly 40 trillion 

cells in the human body. This “cellular reference map” permits researchers and clinicians 

to analyze molecular mechanisms and cellular interactions and to study the biological 

changes that are associated with different diseases [88, 89]. This project provides a vast 

collection of information essential for identifying markers of cellular resistance, tissue 

degradation, and disease prevention. [88, 89]. 

Musculoskeletal diseases benefit greatly from these advances in “omics” 

technologies due to their high burden and lack of treatments. Single-cell RNA sequencing 

(scRNAseq) is a relatively new transcriptomic analysis tool that has changed the perception 

of studying soft tissue diseases, e.g. ailments of the lung, liver or brain, as well as many 

types of cancer [88, 90, 91]. Soft tissues require a much simpler approach to perform single-

cell sequencing, with cell dissociation from bulk tissue being much more straightforward 

than highly fibrous or calcified tissues such as bone and cartilage. Although human tissue 

research using scRNAseq has been extremely valuable for identifying cellular changes in 

diseased tissues ex vivo [92], obtaining viable tissues from individuals to define a healthy 

baseline is extremely difficult. Alternatively, researchers have used animal models to study 

disease progression that may mimic human pathology. Although animal models may not 

replicate the exact disease state and cellular response of humans, they help scientists create 

a database of cellular networks and disease responses to identify targets of drug 

development and prevention.  

Musculoskeletal diseases such as OA and Post-Traumatic OA are extremely 

difficult to study in humans due to the lack of healthy bone and cartilage samples available. 

In addition, there is an increased need to optimize these sequencing technologies for dense 

and fibrous tissues with low cellularity. This chapter provides a novel technique for 

isolating viable chondrocytes from murine articulated joints and long bones. This research 

is essential for enriching primary cells from cartilage to perform an in-depth analysis using 

scRNAseq through a series of enzymatic digestions, flow cytometric analysis, and 

Florescence Activated Cell Sorting (FACS).  
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Materials and Methods  

Murine Animal Models 

Transgenic Ai9;Col2a1-CreERT2 (Ai9Col2) were generated in house as previously 

described [93, 94]. In short, homozygous Ai9 reporter mice (Jackson Laboratory, Bar 

Harbor, ME, USA; Stock No: 007905) were purchased from Jackson Laboratory and bred 

with Col2a1-CreERT2 to generate offspring with specific expression of the Ai9 reporter in 

collagen 2 expressing cells. Pups were injected with tamoxifen for five days at 2-weeks of 

age, as previously described [95], to induce robust cre expression in the articular cartilage 

and growth plate of the hindimbs. MRL (MRL/MpJ, Stock # 000486), and B6 (C57Bl6/J, 

Stock # 000664) animals were purchased from Jackson Laboratory and bred in house using 

standard procedures. Mice were allowed free range of the cage while on 12h light/dark 

prior to euthanasia. All experiments were conducted using male animals and all 

experimental procedures were completed in accordance with the Institutional Animal Care 

and Use Committee (IACUC) guidance at Lawrence Livermore National Laboratory in 

AAALAC-accredited facilities. 

Murine hindlimb dissection and joint cleanup  

Male Ai9Col2 mice were euthanized humanely under CO2 at 1.72 L/min followed 

by cardiac puncture to collect serum for potential future analysis. Skin was removed 

manually by snipping the ventral side of the animal and pulled to expose the hindlimbs. 

The hindlimbs were cleared of excess muscle by cutting the Achilles tendon for removal 

of gastrocnemius and trimming the medial hamstring muscle until the hip joint was 

reached. The quadriceps femoris muscle was removed by creating a single incision above 

the patella and peeling the muscle back towards the hip joint. Dislocation of the hip joint 

was accomplished by applying an upward force to the hip to completely remove the femur 

from the ischium. The entire hindlimb was removed after cutting away the remaining 

muscles. Excess muscle and fat were removed from the femur and tibia by trimming with 

scissors. 
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Articular Cartilage Isoaltion from Murine Long Bones 

 Murine knee joints were separated at the joint cavity by carefully sawing 

through the patellar tendon, ACL, and fibular collateral ligament to separate the femur and 

tibia. Epiphyses were cleaned of remaining muscle using a Kimwipe. Ligaments and 

tendons were trimmed using scissors to expose the articular cartilage of the knee joint. 

Cleaned long bones were micro-dissected using a scalpel in which ~1mm of tissue was 

removed from the articular surface, freeing the articular cartilage from the subchondral 

bone. 

Chondrocyte Dissociation from Articular Cartilage Tissue 

The articular cartilage was minced using dissecting scissors and placed into 15mL 

conical tube for enzymatic digestion using 5ml of enzymatic cocktail comprised of 2% 

Collagenase 2 (17101015, GIBCO, Thermo Fisher, Waltham, MA) in FBS free Dulbecco’s 

Minimal Essential Media. Cartilage tissue was digested at 37oC for four, 30-minute 

intervals while shaking. After each interval, digestion media was filtered through a 70um 

cell strainer into a 50mL conical tube, topped with 5mL DMEM+10% FBS and kept on ice 

for the remainder of the digestions. Fresh digestion media was added to the 15mL conical 

tube containing the partially digested tissue for another round of digestion.  

Digested Sample Cleanup  

 Following four rounds of digestion, the digested cell solution was 

centrifuged at 4oC for 10 minutes at 800 g to pellet cells and any remaining debris. 

Supernatant was removed and contaminating red blood cells were lysed using Ammonium-

Chloride-Potassium (ACK) Red Blood Cell Lysis Buffer (A1049201, Thermo Fisher, 

Waltham, MA) for 10 minutes on ice. 1x PBS was added to each sample to bring the total 

volume to ~1.5 ml, then filtered through a 70um cell strained, and transferred to a 2mL 

Eppendorf tube. Filtered cells were pelleted by centrifuging at 600 g for 6 minutes at room 

temperature and supernatant was removed via pipette. 

Antibody staining of primary chondrocytes for scRNAseq prep 

Digested cells were blocked using BD Fc Block (Cat. No. 553142, BD Bioscienced, 

San Jose, CA) for 15 minutes on ice and then stained using 100ul of an antibody cocktail 
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diluted in 1X PBS + 10% FBS specific for contaminating immune and erythroid cells 

including: CD45 APC-Cy7 (1:100, 103116, BioLegend, San Diego, CA, USA), Ter119 

APC (1:10, 130-102-290, Miltenyi Biotec, Bergisch Gladbach, Germany), and DAPI 

(Thermo Fisher Scientific, Waltham, MA, USA). Cells were incubated for 15 minutes on 

ice in the dark. Following incubation, cells were diluted with 1ml PBS, centrifuged to pellet 

at 600g for 6 mintues, resuspended in 250ul of 1x PBS + 1% FBS, and transferred to flow 

cytometry tubes for analysis and sorting. Prior to FACS, the total viable cells count was 

completed using trypan blue dead cell stain and the Thermofisher CountessTM II (Thermo 

Fisher, Waltham, MA). Samples were loaded into a BD FACSMelody Instrument for 

analysis and sorting of the Ai9-positive population and CD45/Ter119 double negative 

cells.  

Collagen 2 staining for flow cytomatric anlaysis of  primary chondrocytes 

 After sorting, Ai9+ chondrocytes were split based on condition (fixed or 

unfixed). The “fixed” condition cells were incubated with BD Cytofix/Cytoperm 

Fixation/Permeabilization Solution Kit (Cat. No. 554714, BD Biosciences, San Jose CA) 

according to manufacturer’s instructions. Briefly, cells were blocked using BD Fc Block 

(Cat. No. 553142, BD Biosciences, San Jose, CA) for 15 minutes on ice followed by a 

fixation/permeibilization step for 20 minutes at 4oC in BD Fixation/Permeabilization 

solution. Cells were then washed with BD Perm/Wash Buffer and stained with 100ul of a 

1:100 solution of mouse anti-Collagen 2 antibody (MA5-12789, Thermo Fisher, Waltham, 

MA) for 1hr at RT. Cells were centrifuged, washed, then stained in the dark for 30 min at 

room temperature with 100 ul of secondary antibody solution using a 1:1000 dilution of 

Goat anti-Mouse IgG2a Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A21131, 

Thermo Fisher, Waltham, MA). Following incubation, cells were washed and resuspended 

in 1x PBS + 1% FBS, then transferred to flow cytometry tubes for analysis using the BD 

FACSMelody Flow Cytometer for analysis of collagen 2 positive staining.  

Cell Culture and Imaging  

Sorted CD45 negative, Ter119 negative cells were plated in a 6-well tissue culture 

plate containing in DMEM + 10% FBS and supplemented with 1 x penicillin/streptomycin. 
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Cells were culture for 5 days and allowed to adhere to the plate before imaging on a Leica 

inverted microscope controlled using Metamorph imaging software (Molecular Devices, 

Sunnyvale, CA) using a Texas Red filter (ex/em = 586/603 nm). Images were pseudo 

colored and merged using ImageJ V1.53 Software [96]. 

Joint Processing for Cryosectioning 

Hindlimbs were collected from 10-week-old Ai9Col2 male mice and cleaned of 

extraneous muscle while keeping the joint cavity intact. Joints were fixed in 10mL of 10% 

Neutral Buffer Formalin (NBF) for 24 hours at room temperature while shaking. Joints 

were washed three times for >1hr each with 1x PBS, cryoprotected by incubating with 30% 

Sucrose overnight at 4oC, placed in a cryomold, then coated in TissueTEK Optimal Cutting 

Temperature (OCT) Compound. Coated samples were snap frozen in liquid nitrogen and 

stored in an airtight container at -80oC until sectioned. Selected samples were sectioned at 

10um using the Leica CM1860 Cryostat (Leica Biosystems,Wetzlar, Germany), placed on 

charged slides and mounted with Prolong Gold + DAPI (P36935, Thermo Fisher, Waltham, 

MA). Samples were imaged using a Leica DM5000 microscope, ImagePro Plus V7.0 

Software, and QIClick CCD camera (QImaging, Surrey, BC, Canada). ImageJ V1.53 

Software was used for imaging and photo editing [96].  

Results 

Reporter expression is restricted to articular cartilage of murine hindlimbs 

Ai9Col2 mice were subjected to histological assessment through an optimized 

cryosectioning protocol of knee joints. A nuclear counterstain was applied to sections to 

identify the individual nuclei of cells in addition to the cellular expression of Collagen 2 ( 

Figure 2. 1).  Expression of the tdtomato reporter protein in Ai9Col2 murine 

hindlimbs was present exclusively in the articular cartilage ( 

Figure 2. 1a,b) and growth plate ( 

Figure 2. 1d, e) as previously described by Nagao et al [97]. 
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Figure 2. 1 tdTomato expression in transgenic reporter Ai9Col2a1-CreERT2 mouse 
hindlimbs Fluorescent imaging of murine hindlimb joints  identifying tdTomoto expression 
in articular (top) and growth plate (bottom) chondrocytes. Merged (A,D) tdTomato/594nm 
only (B,E) and  DAPI stained (C,F). Scale bars: 100um. 

Fluorescence of the tdtomato reporter in Ai9Col2 corresponded to protein 

expression of Collagen 2, a well-known transcriptional marker of chondrocytes, by use of 

immunohistochemistry (IHC). Collagen 2 is also a highly important component of the 

extracellular matrix excreted by chondrocytes that makes up the articular cartilage. 

Analysis of joints by IHC showed Collagen 2 expression in the articular cartilage of 

hindlimb knee joints ( 

Figure 2. 1a-c, Figure 2. 2), and growth plate chondrocytes ( 

Figure 2. 1d-f). 
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Figure 2. 2: Collagen expression in murine synovial joint.  Immunohistochemical analysis 
of Collagen 2 expression in the articular cartialge of knee joints from MRL/MpJ and 
C57Bl6J mice. Scalebar 100um. Magnification 20x. Collagen 2 expression in red (594nm) 
and nuclei are stained using DAPI (405nm). 

Collagen 2 can be targeted for enrichment of murine chondrocytes ex vivo 

Preparation and enzymatic digestion of micro-dissected articular cartilage from 

Ai9Col2 mice was essential in dissociating chondrocytes from the extracellular matrix of 

the tissue and processing for flow cytometry. This optimized protocol, produced 

fluorescently labeled, viable chondrocytes for further analysis (Figure 2. 3). 
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Figure 2. 3 Optimized microdissection and isolation of articular chondrocytes. Schematic 
for cartilage microdissection technique and digestion steps to attain single cell suspension 
(A) Region of microdissection shown on femurs (B) Articular cartilage dissection from tip 
of femur and cartilage (C, D) Minced cartilage prior to enzymatic digest (E). Cartilage after 
one round of digestion (F) Remaining tissue after final enzymatic digest (G).  

Microdissection of both tibia and femur removed the soft cartilage capsule at the 

end of each long bone, resulting in little residual bone and marrow contamination being 

detected (Figure 2. 3B-D). When tissues were subjected to enzymatic digest, digestion 

media was left cloudy indicating cellular dissociation from the cartilage tissue (Figure 2. 

3E,F). Final visual inspection of the digested tissue resulted in small, hard fragments of 

tissue remaining indicating some subchondral bone was removed during microdissection, 

and contamination by osteoblasts, osteoclasts, and fibroblasts was possible.  
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Figure 2. 4. Flow cytometric analysis of Ai9;Col2CreERT2 digested cells. Gating Strategy 
for all cells (A), and doublets using side scatter (SSC) (B) and forward scatter (FSC) (C) 
Cells stained with CD45-APC and Ter119-PerCP for identification of immune and 
erythroid cells, respectively (D) Identification of Ai9+ cells and Ai9- cells in total digested 
sample gated off FSC (E) Double negative (CD45-Ter119-) cells from Panel D reanalyzed 
as proportion of CD45-Ter119-Ai9+ cells (indicating chondrocytes) and CD45-Ter119-
Ai9- (indicating non-chondrogenic cells) (F).  

Ai9 reporter aids in enrichment of chondrocytes via flow cytometry 

After dissociation to a single cell suspension, cells were stained for immune and 

erythroid cell markers to identify contaminating bone marrow and blood cells in samples. 

Analyzed samples had roughly 50-70% of digested cells that were CD45+ immune cells, 

while between 25-35% of digested cells were Ter119+ erythroid cells. On average, about 

5% of cells were double positive for CD45 and Ter119 (Figure 2. 4A). Roughly 20% of all 
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cells analyzed were Ai9+, regardless of their expression of CD45 or Ter119 (Figure 2. 4B). 

Cells from the double negative population (CD45-Ter119-) of Figure 2. 4A were analyzed 

for positive Ai9 expression. Just over 10% of CD45-Ter119- cells were Ai9+, while most 

cells were CD45-Ter119-Ai9- (Figure 2. 4C). CD45-Ter119-Ai9+ cells were sorted and 

plated for imaging after 5 days without differentiation media. Fluorescent imaging using a 

Texas red filter showed a large proportion of Ai9+ cells in culture that had adhered to the 

plate indicating a chondrocyte like cellular phenotype (Figure 2. 5). These cells had a round 

to oblong morphology, characteristic of cultured murine chondrocytes [98]. In addition, 

not all adherent cells expressed Ai9, as shown in the brightfield image (Figure 2. 5, left). 

 
Figure 2. 5.  Fluorescent imaging of sorted CD45-Ter119-Ai9+ cells. Ai9+ cells from 
digested cartilage of Ai9;Col2a1-CreERT2 mice  were plated in DMEM/F12 + 10% FBS. 
Cells were grown for 5 days at 37oC + 5% CO2. Brightfield image of plated cells showing 
confluent population (Left). Florescent imaging showing RFP expression of the tdtomato 
reporter in collagen 2 expressing cells (right). 

Discussion 

Previous bone and cartilage research has been dependent on the isolation of RNA 

from whole bone or joint samples for bulk RNA sequencing [99]. With the advent of new 

sequencing platforms in the last decade, like scRNAseq, optimized tissue preparation 

techniques must be established to further study cellular heterogeneity in healthy and 

diseased tissues using these new tools. The generation of new protocols for bone and 

cartilage research will aid in furth[84]er exploration of OA, RA, and other bone diseases 

by using single-cell RNA sequencing to study adult murine long bones and synovial joints.  
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Resident cells of the cartilage, known as chondrocytes, secrete many molecules 

responsible for lubrication and impact management of the joint, such as proteoglycans 

(PGs), glycosaminoglycans (GAGs) and collagens [100]. The most relevant and well-

studied of these molecules is Collagen 2 [101-103]. ECM proteins, specifically collagens, 

are essential in maximizing tensile strength and managing compressive forces [102]. 

Immunohistochemical analysis of murine cartilage in B6 and MRL strains showed that this 

protein is expressed mainly in the matrix surrounding chondrocytes (Figure 2. 2, red stain). 

Additionally, Collagen 2 expression is restricted to the cartilage tissue and growth plate 

regions of the tibia and femur as expected [104]. An in-depth analysis (Figure 2. 2) shows 

that mice strains differ in their robust expression of Collagen 2 in the articular cartilage and 

express alternative matrix associated molecules, like Aggrecan. The response to injury and 

role of matrix composition of MRL and B6 are phenomena discussed later in Chapter 3. 

Identification and isolation of chondrocytes from normal murine cartilage tissue is 

extremely difficult due to the fibrous complexity of the tissue, but also the lack of cell 

surface markers on individual chondrocytes. Chondrocytes are transcriptionally classified 

based on their expression of excreted collagens, PGs, GAGs and nuclear proteins (e.g. 

Sox9), [105, 106] unlike cells with abundant membrane protein targets on their surface, 

e.g., immune cells. The lack of surface antigens makes targeting viable cells for isolation 

from bulk joint tissue difficult using common techniques, such as magnetic separations or 

FACS. Instead chondrocytes require membrane permeabilization for intracellular antigens 

and current diagnostic tools are incapable of targeting secreted protein products. 

Consequently, this study focused on the development of a new isolation for murine 

articular chondrocytes from hindlimb knee joints using a transgenic reporter animal to 

combat the need for membrane permeability and targetable cell surface antigens. 

To further identify targets for flow cytometry and FACS, primary chondrocytes 

were treated with a fixative and stained for intracellular and extracellular markers [107]. 

Due to the lack of targetable antigens, collagen 2 was the primary target tested (Figure 2. 

6). Upon flow cytometric analysis of Ai9+ chondrocytes, it was clear that untreated 

samples lacked a collagen 2 population. Indeed, validating that chondrocytes required 
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fixation and permeabilization of their membranes to better identify and isolate these cells 

from a heterogenous population using FACS. Sequencing of fixed RNA is a relatively new 

technology that has only started being used within the last few years. Due to the novelty of 

fixed RNA sequencing, previous studies describing chondrocytes transcriptomics have 

been limited to traditional bulk sequencing of all joint cells in the tissue or those from in 

vitro stem cell differentiation [108]. While bulk-seq has allowed researchers to identify 

large transcriptional changes that occur in heterogeneous tissues, it restricts identification 

of cellular identities, interactions, and functions within the joint. Additionally, studies of 

joint cell responses early in OA progression cannot be done using cartilage tissue isolated 

from late-stage OA knee replacements. 

 
Figure 2. 6 Immunocytochemistry of primary chondrocytes read on flow cytometry. 
Primary cells isolated from murine cartilage were either untreated (Bottom Row) or 
subjected to fixation using CytoFix solution (Top Row). Cells were stained with a mouse 
anti-collagen 2 primary and anti-mouse 488nm secondary for flow cytometric analysis 
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(Right Column). Fixed samples show a GFP+ population while unfixed samples have very 
limited signal.  

In practice, many researchers use primary stem cells isolated from bone marrow or 

differentiate fibroblast cells lines into chondrocytes using a combination of growth factors 

(Transforming Growth Factor-β3/TGF-β3) and metabolites like sodium pyruvate, ascorbic 

acid, proline, and Insulin-Transferrin-Selenium (ITS). When grown in culture, these stem 

cells and fibroblast lines can take up to three weeks to fully differentiate into chondrocytes 

[109]. In addition, these in vitro studies lack the mechanical stimuli and joint 

microenvironment to successfully recapitulate an in vivo disease phenotype [69]. Although 

many culturing techniques have attempted to replicate the joint microenvironment through 

pellet and gel culture, in vitro studies cannot fully replicate joint trauma and disease. The 

inability to grow chondrocytes in their native environment, further exacerbates the need 

for primary cell isolations from early post-injury to perform homogeneous chondrocyte 

studies [6]. This chapter outlines a new method for enrichment of viable articular 

chondrocytes, enabling single-cell RNA sequencing in animal models to better understand 

all stages of PTOA progression.  
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Chapter 3. Single-Cell RNA Sequencing Reveals Transcriptomic Heterogeneity in 
Articular Chondrocytes of PTOA-Susceptible and PTOA-Resistant Mouse Strains  

Abstract  

 Post Traumatic Osteoarthritis (PTOA) is a painful joint disease characterized by 

degradation of bone, cartilage and connective tissue that is initiated by a traumatic injury 

such as an anterior cruciate ligament or medial meniscus tear. In humans, about 50% of 

joint injuries progress to PTOA, while the remainder spontaneously resolve without 

progressive degeneration. This study utilizes a PTOA-susceptible mouse strain, C57Bl6/J 

(B6) and PTOA-resistant “Super-healer” MRL/MpJ (MRL) to explore the cellular 

composition of both strains prior to and in response to injury. Previous research has shown 

that MRL mice show a sustained resistant phenotype, with little cartilage degradation for 

up to 12 weeks after Anterior Cruciate. Ligament rupture using a tibial compression 

induced (TCI) injury [99]. Meanwhile B6 mice exhibit significant joint degradation as early 

as 2 weeks post injury, and progress to severe PTOA by 4 weeks after injury. This method 

recapitulates human ACL tears in a non-invasive manner, also inhibiting an additional 

immune response caused by common surgical induction like DMM or ACL translocation.  

Currently, there is a limited understanding of the regenerative potential and cellular 

heterogeneity within the joint of these PTOA resistant MRL mice. In addition, there is 

limited research detailing the transcriptomic response of chondrocytes to injury in vivo. 

This study uses single cell RNA sequencing (scRNA-seq) to characterize not only the 

differences between B6 and MRL knee joints, but also identifies changes in stromal 

populations as well as subpopulations of chondrocytes previously unknown. Additionally, 

the abundance, heterogeneity and expression of chondrocyte and stromal populations in 

MRL joints a may reveal new targets within the injured joint that can be used to protected 

individuals from PTOA.  
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Introduction 

A subset of Osteoarthritis [2], known as Post Traumatic Osteoarthritis (PTOA), is 

caused by mechanical injury to the joint. Knee joint specific PTOA is rampant worldwide 

and accounts for nearly 12.5% of PTOA cases in the United States [1]. Knee joint PTOA 

is usually caused by a tear to the anterior cruciate ligament [6] or meniscus, or sometimes 

intra-articular fracture, that leads to destabilization of the joint. This instability leads to 

disruption of the normal joint physiology, i.e. cartilage degradation and subchondral bone 

loss, in nearly 50% of individuals who do not have reconstructive surgery. Mysteriously, 

other individuals spontaneously resolve without damage or pain [2]. The risk factors that 

determine PTOA likelihood are not understood well and therefore much is left to study in 

the field of PTOA resistance. To further exacerbate this disease, there are no cures or 

preventatives. Additionally, limited treatments are available, and little is understood about 

the molecular pathogenesis of PTOA. Thus, patients are limited to primitive treatments 

such as pain management or physical therapy. Patients and practitioners alike are eager for 

new research to fill these gaps in knowledge.  

The articular knee joint is comprised of several tissues including bone, hyaline 

cartilage, synovium, tendons, and ligaments for stabilization. Each component of the joint 

microenvironment is essential for normal joint function, and damage to any of them can 

alter the functionality of the knee joint at a cellular and molecular level. The articular 

cartilage (AC) of the knee is a thin layer of tissue located at the ends of each of the long 

bones that is essential for joint support and mechanical load. This tissue is comprised 

mostly of water and is supplemented by extracellular matrix (ECM) proteins and resident 

chondrocytes. These ECM proteins are essential in bearing weight during activity and 

lubrication of the joint, and their highly organized structure has an extremely protein rich 

composition. These proteins are essential for the elastic structure of the AC and include 

different sized proteoglycans (PG), multiple collagen types, and glycosaminoglycans [110] 

such as hyaluronic acid, chondroitin sulphate; all responsible and crucial for the AC to 

function properly. Proteoglycans and glycosaminoglycans are the main protein 

components that make up the articular cartilage. GAGs can be broken down into three 
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classifications: keratin sulphate, chondroitin sulfate, and hyaluronic acid (HA). A 

combination of these GAGs creates macromolecules known as PGs which are critical for 

the elasticity of the cartilage and extremely important in the flow of fluid and nutrients 

throughout the tissue [3]. Aggrecan, the main large aggregating molecule, is highly 

prevalent in the articular cartilage and forms an entwined network of fibrils with native 

collagen molecules and other small leucine rich proteoglycans such as biglycan, lubricin, 

decorin, and fibromodulin. In addition to PGs and GAGs, the cartilage is rich in collagen 

fibrils and relies on the arrangement of them for its mechanical properties. Collagen II 

accounts for nearly 90% of the collagen content in the AC, followed by collagen XI and 

collagen IX. Collagen XI forms covalent bonds with collagen II and acts as an internal 

regulator of fibril formation in the AC. In addition to collagen IX, collagen VI is localized 

to the pericellular regions of the cartilage and forms complexes with collagen II/XI 

complexes. It is highly important in facilitating the connection of the chondrocyte with the 

matrix itself through the pericellular matrix of the cell [4]. Finally, collagen X is essential 

in mineralization and is a molecular indicator of calcification, chondrocyte hypertrophy, 

and OA onset. This microstructure is essential for maintaining the integrity of the cartilage, 

controlling microfluidics within the tissue, and aiding in mechanical load distribution [5]. 

These matrix proteins form a complex environment that degrades and changes composition 

when disturbed by trauma [6], [7]. 

The AC has been divided into four zones [8] based on matrix composition and is 

specific to collagen fibril arrangement and chondrocyte morphology. Chondrocytes make 

up less than 5% of the entire cartilage tissue, yet play a major role in secretion of the ECM 

[111]. They are embedded in the ECM in small cavities known as lacunae and separated 

from each other cytoplasmically. Chondrocytes are surrounded by a thin pericellular 

matrix, which protects the cell and aids in regulating its metabolism by detecting changes 

to its microenvironment through mechanical and biochemical stimuli. These cells are 

specifically restricted to each of the cartilaginous zones and vary in size, shape, and 

concentration depending on their depth in the AC zones [111].  
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Healthy cartilage can be divided into four zones: superficial, intermediate, deep, 

and calcified. The superficial zone of the AC is the outmost layer, consisting of 

morphologically flat, horizontally aligned chondrocytes and collagen fibrils, which 

accounts for about 15% of the AC.  The superficial zone is primarily responsible for 

lubrication of the joint, i.e. providing a surface for surrounding tissue to glide along the 

cartilage without damage[112, 113]. The ECM in this zone is comprised of high amounts 

of Lubricin (a glycoprotein responsible for this slick structure), fibronectin, and water. The 

intermediate zone, which accounts for about half of the AC, is less dense in terms of 

chondrocyte number than the superficial layer and morphologically more spherical. The 

ECM of the intermediate zone is comprised of a random alignment of thicker collagen 

fibrils and a high concentration of the GAG rich protein aggrecan [114]. Beneath the 

intermediate zone is the third zone of the AC known as the deep zone. This region accounts 

for nearly 30% of the tissue, is extremely rich in collagen fibrils and proteoglycans, and 

has the least number of chondrocytes. The cells in this region are spherical in shape and 

stacked into columns perpendicular to the surface of the AC [115]. Connecting the 

intermediate and deep zone of the articular cartilage is a small layer of cartilage known as 

the “tidemark” [116]. This region is dense with compacted collagen fibrils thought to act 

as an anchor for the more malleable upper layers of cartilage to the calcified region of 

cartilage above the subchondral bone. Below the tidemarks is the basal layer of cartilage 

known as the deep zone or calcified cartilage. This region has an extremely sparse 

population of chondrocytes. The chondrocytes that do exist here are much smaller, have a 

hypertrophic appearance, and are usually surrounded by ECM, giving them the appearance 

of having a matrix “shell.” These cells have an extremely low metabolism based on their 

low levels of endoplasmic reticulum and golgi [117]. The ECM in this region primarily 

consists of calcified matrix and is high in Collagen X, which is essential for bearing load 

and transferring mechanical force to the subchondral bone below. These chondrocyte 

layers have been characterized using generic histologic techniques [118], but the cellular 

function of each layer has yet to be elucidated in response to knee joint injury. 
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In addition to its complex protein structure, the cartilage is extremely avascular, 

lacks innervation, and has no lymphatic drainage, leaving mature chondrocytes to rely 

heavily on the surrounding synovial tissue for nutrients [105]. Articular chondrocytes lack 

the capacity to proliferate under normal conditions and have evolved to survive in this 

hypoxic environment [119]. The synovial capsule is comprised of a membrane and 

hyaluronic acid rich fluid. The synovium is essential in supplying chondrocytes with 

nutrients, aids in the transportation of waste material away from the cells, and provides 

additional lubrication to the joint. In addition, the synovium is also home to several subsets 

of immune and stem cells including neutrophils, synoviocytes, lymphocytes, and 

monocytes [120-123]. In general, cartilage tissue normally lacks regenerative capabilities 

after damage has occurred, [124], although recent studies of these joint supporting cells 

allude to a healing mechanism attributed to the interaction of cells in the cartilage and 

synovium.  

While generic histological profiling can differentiate the morphological changes 

that occur to the cartilage as a whole tissue, transcriptomic profiling of these joint resident 

cells has still not been fully evaluated, especially after joint damage has already occurred. 

Several models of tissue injury and mouse strain have been studied using bulk RNA 

sequencing  [99, 125-127]. Although traditional bulk RNA sequencing has allowed for new 

insights to the transcriptomic changes occurring to tissues under different conditions, [99, 

128] it still lacks the capacity to determine cell specific changes and reveal heterogeneity 

in tissues of interest. Over the past decade, single-cell RNA sequencing has overcome the 

challenges faced by bulk RNA sequencing; it has been essential both for identifying cell 

specific transcriptomic changes under differing disease conditions and revealing the tissue 

complexity that is otherwise missed using bulk RNA-sequencing. This study uses a 

previously established tibial compression injury (TCI) model that recapitulates clinical 

knee injury parameters of an ACL tear [129]. Bulk sequencing paired with scRNA 

sequencing provides an in-depth analysis of injury induced transcriptomic changes that 

occur to articular chondrocytes.  
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This chapter compares a mouse strain that is moderately susceptible to PTOA to a 

strain that has previously been identified as PTOA resistant. The MRL/MpJ strain is known 

for its regenerative wound healing capabilities in several tissues [73, 74] as well as its 

resistance to severe joint degradation after ACL injury for up to 12 weeks after injury [99]. 

By utilizing scRNA sequencing technology, we were able to identify baseline and injury-

responsive populations in the cartilage of the knee joint that were previously unknown in 

murine models and may play a role in the resistance to cartilage deterioration. This study 

provides insight to potential healing mechanisms responsible for this resistant phenotype 

by profiling ECM components and comparing joint populations to those found in 

osteoarthritic cartilage from humans undergoing a full knee replacement.  

In addition, the recent development of an articular cartilage digest for enzymatic 

isolation of articular chondrocytes in Chapter 2 paired with flow cytometric analysis has 

aided the field by providing a reproducible method to selectively isolate primary 

chondrocytes from knee tissues while simultaneously limiting contaminates, e.g. immune 

and stromal cells. In this chapter, several previously published chondrocytes sub-

populations [118, 130] are identified and changes to these populations after injury in the 

PTOA-Susceptible C57Bl/6J mouse strain are revealed. Notably, both transcriptional and 

spatial changes that occur to cells and the tissue across injury conditions were identified at 

the population level through scRNAseq using immunohistochemical validation. These 

technologies have aided the understanding of basic PTOA progression and response to 

injury using animal models representative of human disease.  

 

Materials and Methods 

Animal Care and Tibial Compression Joint Injury 

All animal experimental procedures were completed in accordance with the 

Institutional Animal Care and Use Committee (IACUC) guidance at Lawrence Livermore 

National Laboratory and the University of California, Davis in AAALAC-accredited 

facilities. C57Bl6/J (B6; Stock No: 000664) and MRL/MpJ (MRL; Stock No: 000486) 
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animals were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and housed until 

10 weeks of age while allowed to roam free in normal caging. At 10-weeks of age, mice 

were placed under anesthesia using isoflurane inhalation and placed in a horizontal position 

to prepare for a non-surgical knee joint injury [129]. The right tibia was placed between 

two plates and subjected to single tibial compression overload of 12-18N force at 1 mm/s 

displacement rate until anterior cruciate ligament rupture was complete using an 

electromagnetic material testing system (ElectroForce 3200, TA Instruments, New Castle, 

DE, USA). Mice were given a single 50uL dose of 0.9% sterile saline (Becton, Dickinson 

and Company, Franklin Lakes, NJ, USA), and a single dose of Buprenorphine (0.01 mg/kg) 

administered immediately post-injury for pain relief. Following injury, mice were allowed 

free range of the cage while on 12h light/dark cycles prior to euthanasia for 3-day, 7-day 

and 4 weeks post injury.  

Histological Assessment of PTOA Progression 

Right hindlimbs were collected from uninjured (D0), 3-days post injury (3DPI), 7-

day post injury (7DPI), 4-weeks post injury (4WPI) and 6-weeks post injury (6WPI) from 

both C57Bl6/J and MRL/MpJ animals. Joints were processed for histological evaluation 

by fixation in 10% neutral buffered formalin (NBF), decalcification using a weight loss-

weight gain method in 0.5 M ethylenediamine tetra-acetic acid (EDTA), and processing 

for paraffin embedding. Joints were then sectioned into 6µm slices in the sagittal plane. 

Serial medial sections were prepared for histological assessment of joint tissue integrity by 

staining 0.1% Safranin-O (0.1%, Sigma, St. Louis, MO, USA; S8884) and 0.05% Fast 

Green (0.05%, Sigma, St. Louis, MO, USA; F7252) using standard procedures (IHC 

World, Woodstock, MD, USA) to identify the structure of bone, cartilage, and bone 

marrow. Slides were imaged using a Leica DM5000 microscope (Leica Microsystems, 

Wetzlar, Germany). ImagePro Plus V7.0 Software, a QIClick CCD camera (QImaging, 

Surrey, BC, Canada), and ImageJ V1.53 Software was used for imaging and photo editing. 

Immunohistochemistry (IHC) 

Sagittal sections from uninjured D7PI and 4WPI hindlimbs of MRL and B6 mice 

were used for IHC (n ≥ 3/group). Slides were dewaxed and dehydrated using standard 
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protocols (IHC World, Woodstock, MD, USA). Primary antibodies were incubated 

overnight at 4 °C in a dark, humid chamber following antigen retrieval (Table 3. 1: 

Antibody vendor, dilution, and retrieval methods). Secondary antibodies were incubated 

for 2 h at room temperature in a dark, humid chamber at 1:500. Negative control slides 

were incubated with secondary antibody only. Stained slides were mounted with Prolong 

Gold with DAPI (Molecular Probes, Eugene, OR, USA). Slides were imaged using a Leica 

DM5000 microscope (Leica Microsystems, Wetzlar, Germany). ImagePro Plus V7.0 

Software, a QIClick CCD camera (QImaging, Surrey, BC, Canada), and ImageJ V1.53 

Software were used for imaging and photo editing. Secondary antibodies included: 

Chicken anti-rabbit 488 (Thermofisher, Waltham, MA, USA; A21441), Chicken anti-

rabbit 594 (Thermofisher, Waltham, MA, USA; 21442), and Donkey anti-goat 594 

(Thermofisher, Waltham, MA, USA; A11058). 

Table 3. 1: Antibody vendor, dilution, and retrieval methods 
Primary  
Antibody 

Stock# Dilution Antigen Retrieval  

Collagen 2 Thermo: MA512789 1:100 30m Pepsin A @ RT 
Aggrecan Abcam: AB3778 1:200 30m Pepsin A @ RT 
Matrilin 3 R&D: AF3357 1:200 30m Unitrieve +  

30m Hyaluronidase @ 65oC  
Cytl1 Thermo: 158561AP 1:75 1hr Tris-EDTA @ 65oC 
Chi3l1 Thermo: MA536122 1:100 30m Unitrieve @ 65oC 
Cilp2 Thermo: 118131AP 1:200 30m Hyaluronidase @ 65oC 

 

Cartilage Histomorphometry 

Measurements of thickness and cell number in the articular cartilage of both MRL 

and B6 were manually assessed using standardized methods [131]. Briefly, slides from 

uninjured and 4WPI knee joints were stained with Safranin-O and Fast Green, as 

previously. The articular cartilage of five biological replicates (n=5) were measured using 

the ‘Measure’ command in ImageJ V1.53 Software at 5 regions of the tibia’s articular 

cartilage for all samples. Statistics were performed in GraphPad Prism by using an ordinary 

one-way ANOVA and post-hoc Turkey’s correction. All results were considered 

statistically significant for p< 0.05. 
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Single-Cell RNA Sequencing (scRNAseq) 

Uninjured, 3DPI, and 7DPI, and 4WPI hindlimbs (n = 5/group) were used for 

scRNAseq analysis. Mice were euthanized humanely under CO2 and entire hindlimbs were 

removed after cutting away remaining skin and muscles. Excess muscle and fat were 

removed from the bones of the femur and tibia by trimming with scissors and using a 

Kimwipe. Murine knee joints were separated at the joint cavity and cleaned long bones 

were micro-dissected using a scalpel to remove ~1mm of tissue from the articular surface, 

freeing the articular cartilage from the subchondral bone as described in Chapter 1. For 

each experimental group, cartilage tissue from 5 mice was pooled and digested to a 

homogenous single-cell suspension. The articular cartilage was minced using dissecting 

scissors and placed into 15mL conical tube with 5ml of an enzymatic cocktail comprised 

of 0.2% Collagenase 2 (2 mg/mL Thermo Fisher Scientific, Waltham, MA, USA)) in FBS 

free Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12 (DMEM/F-12) (Thermo 

Fisher Scientific, Waltham, MA, USA). Cartilage tissue was digested at 37oC for four 30-

minute intervals while shaking. After each interval, digestion media was filtered through a 

70µm cell strainer into a 50mL conical tube kept on ice for the remainder of the digestions. 

Fresh digestion media was added to the 15mL conical tube containing the partially digested 

tissue for another round of digestion. After the final digestion interval, cells were pelleted 

via 4 °C centrifugation for 10 min at 500g and subjected to a red blood cells lysis for 10 

minutes on ice using Ammonium-Chloride-Potassium (ACK) Red Blood Cell Lysis Buffer 

(Thermo Fisher Scientific, Waltham, MA, USA)). Digested cells were stained for 

fluorescently activated cell sorting (FACS) analysis using 100µl of an antibody cocktail 

containing: CD45 APC-Cy7 (BioLegend, San Diego, CA, USA, 103116 (1:100)), Ter119 

APC (Miltenyi Biotec, Bergisch Gladbach, Germany, 130-102-290, (1:10)), and DAPI 

(Thermo Fisher Scientific, Waltham, MA, USA). Contaminating immune and erythroid 

cells were depleted through double-negative selection (CD45-Ter119-) using a BD 

FACSMelody (San Jose, CA, USA). Final cell counts of enriched chondrocytes (CD45-

Ter119-) were performed manually using a hemocytometer. Cells were resuspended in 

1xPBS + 0.04% non-acetylated BSA for preparation of scRNAseq using a Chromium 

Controller (10× Genomics, Pleasanton, CA, USA). Library preparation was performed 
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using Chromium Single Cell 3′ GEM, Library & Gel Bead Kit v3 (10× Genomics, 

Pleasanton, CA, USA; Catalog no. 1000075) following the manufacturer’s protocol and 

sequenced using Illumina NextSeq 500 targeting approximately 50,000 reads per cells. 

scRNA-seq Data Analysis of Chondrocytes from Uninjured Joints 

Alignment of scRNA-seq data to the mouse genome (mm10) and gene counting 

was completed utilizing the 10× Genomics Cell Ranger pipeline (10× Genomics, 

Pleasanton, CA, USA). Subsequently, output files from the Cell Ranger ‘count’ were read 

into Seurat v3 [20] for further analysis. Cells with fewer than 500 detected genes or genes 

that were expressed by fewer than 5 cells were excluded from the analysis. Dead cells and 

doublets were also removed during flow cytometry. After removing all the unwanted cells 

from the dataset, the data was normalized by employing a global-scaling normalization 

method ‘LogNormalize’. Subsequently, the 2000 most variable genes were identified, the 

data were scaled, and the dimensionality of the data was reduced by principal component 

analysis (PCA). Subsequently, we constructed a K-nearest-neighbor (KNN) graph based 

on the Euclidean distance in PCA space using the ‘FindNeighbors’ function and applied 

Louvain algorithm to iteratively group cells together by the ‘FindClusters’ function. A non-

linear dimensional reduction was then performed via uniform manifold approximation and 

projection (UMAP) and various cell clusters were identified. Then, clusters expressing 

immune and blood cell markers were removed and the remaining data were normalized, 

scaled, and, after variable feature identification, the data were re-clustered to identify 

clusters of non-immune cells in the joint. To identify chondrocyte subtypes, clusters 

expressing chondrocyte markers Acan, Sox9, and Col2a were extracted and further 

analyzed as described above. Marker genes per cluster were calculated using Seurat’s 

‘FindAllMarkers’ function and the ‘wilcox’ test option. All scRNA-seq data was deposited 

in the Gene Expression Omnibus [132] database. 

Analysis of Human Chondrocyte scRNA-seq Data 

Previously published human chondrocyte scRNA-seq data was downloaded from 

Gene Expression Omnibus [132] database (GSE104782) and a text file was obtained with 

raw expression values. The data were analyzed using Seurat, as described above to identify 
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various cell types. Subclusters were annotated based on the markers provided by Ji et al 

[130] 

Comparison of Chondrocytes from Uninjured and Injured Joints 

scRNA-seq data from uninjured, 3DPI, and 7DPI joints were analyzed using Seurat 

v3 [6]. After data pre-processing, variable features were selected based on a variance 

stabilizing transformation (‘vst’). Then, we identified anchors for data integration using the 

‘FindIntegrationAnchors’ function. Next, these anchors were passed to the ‘IntegrateData’ 

function and a new integrated matrix with all 3 datasets were generated. Subsequent 

dimensionality reduction, clustering, and visualization were performed in Seurat as 

described above. Clusters of cells expressing the chondrocyte markers Sox9, Acan, and 

Col2a1 were extracted and further analyzed to identify various chondrocyte 

subpopulations. Genes differentially expressed between chondrocyte subtypes at various 

timepoints were identified using ‘FindMarkers’ function implemented in Seurat. 

Pseudotime Trajectory Finding 

Pseudotime trajectory of chondrocytes was constructed with Monocle [133-135]. 

Expression data, phenotype data, and feature data were extracted from the Seurat object 

and a Monocle ‘CellDataSet’ object was constructed. Highly variable genes from Seurat 

object were used as ordering genes in Monocle. Dimensionality reduction was performed 

using the DDRTree algorithm implemented Monocle via the ‘reduceDimension’ function. 

Cells were ordered along the trajectory using the ‘orderCells’ method with default 

parameters. 

Ontology Enrichment Analysis 

Genes enriched in each chondrocyte subtype were identified using 

‘FindAllMarkers’ function from Seurat [84]. Genes with >1.25-fold enrichment in each 

cluster with an adjusted p-value < 0.1 were used for ontology enrichment analysis using 

ToppGene Suite [136-138] and Metascape [139] Dot plots of enriched ontology terms were 

generated in R using the ggplot2 package. 

Population Specific Gene Enrichment Analysis 
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Single cell gene expression from chondrocyte, osteoblast, synovial fibroblast, and 

fibroblast clusters were evaluated for population specific expression using Venny 2.1. 

Genes from each cluster were filtered based on an adjusted p< 0.05 and fold enrichment 

>1.5. Filtered gene lists were entered into Venny 2.1 to identify potential cell type specific 

markers. Genes specific to each population were then input into PANTHER 17.0 for 

ontology enrichment analysis and overrepresentation testing. Ontologies are expressed as 

-log10(FoldChange). 

Results 

MRL joints show resistance to cartilage degradation after TCI injury 

Histological evaluation of MRL and B6 articular knee joints was completed by 

staining with safranin-o and fast green. Tissue staining indicated that by 4-weeks after 

injury, proteoglycan loss was restricted to the deep layers of the cartilage in MRL without 

severe tissue loss. Meanwhile, B6 showed severe loss of joint tissue including subchondral 

(Figure 3. 1a). OARSI scoring suggested that there was no significant difference between 

uninjured B6 and MRL, as indicated by low OARSI scores of 0.71 and 0.83 on average, 

respectively (Figure 3. 1b). This signified that no OA phenotype was present in either joint. 

At 4WPI, B6 had severe loss of proteoglycan staining in both tibia and femur, as well as 

stark tissue loss of cartilage and bone. OARSI scoring validated that B6 joints had a severe 

OA phenotype, as noted by an average score of 4.5. OARSI scores of MRL were on average 

much lower than B6 with an average value of 2.5. at 4WPI, there was a significant OA 

phenotype in both MRL and B6 when compared to uninjured counterparts, although MRL 

had significantly lower OARSI scores after injury than B6. 



 

45 

 
Figure 3. 1 Histological Assessment of PTOA onset in MRL and B6. Formalin-fixed, 
paraffin embedded knee joints were stained using safranin-o and fast green. PTOA resistant 
MRL (top row) had little loss of staining after injury in the articular cartilage (red) of the 
femur and tibia (top right, * asterisk). PTOA susceptible B6 (bottom row) had severe 
degradation of bone (blue,) and cartilage (red) in the tibia, and loss of some cartilage in the 
femur after injury (bottom right, * asterisk). Scale bar = 100um. Magnification 20X. F-
Femur, T-Tibia. (A) OARSI scoring indicative of PTOA severity and joint tissue loss 
before (D0) and after (4W) injury in MRL and B6. ns=not significant. ***p<0.001, 
****p<0.0001 (B) 

Single-cell RNA identification of stromal populations in murine synovial joints 

Analysis of murine hindlimb joints used an optimized digest protocol to isolate 

CD45-Ter119- stromal cells for scRNAseq (Figure 3. 2a). Cells were collected from 

uninjured (D0) and injured joints at D1, D3, D7, 2W, and 4W post injury of both B6 and 

MRL. Further analysis of B6 and MRL at D0 and 4W identified 11 populations of cells 

including: endothelial, fibroblasts, osteoblasts, chondrocytes, synovial fibroblasts, 

pericytes, skeletal muscle, peripheral nervous system cells, and lymphatic cells (Figure 3. 

2b). Stromal populations were classified using widely accepted gene markers (Figure 3. 3, 

Figure 3. 4a) and highest expression of significant genes (Figure 3. 3). Cluster 0 and cluster 

7 had robust expression of Pecam, Fit1, CD36 and Cdh5 (Figure 3. 4a) indicating 

transcriptionally that these cells were endothelial cells. Cluster 1 highly expressed 

fibroblast genes Pdgfra, Dcn, Has1, Col1a1/2, and Myoc. Cluster 2 had high expression of 

Postn, Col1a1/2, Mmp13, and Bglap, which are genes robustly expressed in osteoblast 

populations. Additionally, a small population of contaminating immune cells was also 

present with high expression of Ptprc, which is the gene for CD45, a known immune cell 

marker (34039664).  



 

46 

 
Figure 3. 2: Single-cell RNA sequencing of uninjured B6 articular joints. Schematic of 
knee joint digest specific for isolation of all stromal cell populations within the joint. 
Uninjured (D0, Black dotted arrow) joints and injured (injury, red arrow) joints at D1, D3, 
D7, 2W and 4W (black solid arrow) were processed for scRNASeq (A). Merged UMAP of 
all populations identified from stromal cells sequenced (B). Merged UMAP representative 
of all CD45-Ter119- cells in knee joints of all conditions (C).  

Cluster 4 was classified as chondrocytes based on strong expression of Col2a1, 

Acan, Col9a3 and Col11a2.  Cluster 5 had extensive expression of Prg4, previously shown 

to be a marker of synovial fibroblast populations [140]. Pericytes are classically defined by 

their expression of a-SMA, Rgs5, and Myd11 [141], genes all highly expressed in cluster 6. 

Cluster 8 robustly expressed Myod1, a gene known as a myogenic regulatory factor [142]. 

Cluster 9 expressed MBP and MPZ, genes important in regulating myelin sheaths [143] in 

peripheral nerve cells. Last, cluster 10 expressed Lyve1 and Prox1, both highly expressed 

in lymphatic cells [144].  

Interestingly, nearly all clusters were represented in all conditions (B6 D0, B6 4W, 

MRL D0, MRL 4W) (Figure 3. 2c, Figure 3. 4b).  

Table 3. 2 describes each population’s percent of total cells sequenced for all 

timepoints. Of note, B6 suffered from a nearly 23% loss of endothelial cells after injury, 

while MRL had only a 5% loss in endothelial cells. Additionally, B6 gained nearly 11% 

more fibroblasts after injury whereas MRL only gained about 6% after injury. B6 had a 

large increase in osteoblasts of 12% from baseline levels, compared to MRL populations 
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which lost ~1% of osteoblasts. Another large population increase occurred in synovial 

fibroblasts, where the B6 population rose nearly 9% after injury while MRLs only had a 

3% increase after injury. Additionally, a large portion of the chondrocyte population was 

present only in B6 joints Figure 3. 2c, Figure 3. 4b). Both injured and uninjured B6 had 

roughly 10% of cells clustered as chondrocytes, while MRL had nearly half in both injured 

(3.5%) and injured (4.9%) conditions ( 

Table 3. 2). Skeletal muscle cells, PNS cells and lymphatic cells were relatively 

consistent across strains and injury timepoints and showed negligible changes to their 

population in response to injury (Figure 3. 4b).  
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Figure 3. 3: Heatmap of all stromal cell gene expression. Heatmap of top expressed genes 
per cell population in stromal single-cell data set. Upregulated genes expressed in yellow 
while downregulated genes expressed in purple. 
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Figure 3. 4: Stromal population gene expression and population ratios. Dot plot of 
representative markers used in identifying each stromal population from scRNAseq. 
Average expression of genes is expressed by color of dot and percent of each cluster 
expressing gene is represented by size of dot (A) Graphical representation of the percent 
of total cells in each identified population in B6 and MRL uninjured joints and 4-weeks 
after injury (B) 

 

Table 3. 2: Percent of stromal (CD45-) cells per cluster out of total sequenced cells 
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MRL chondrocyte numbers are consistently lower than B6 in scRNAseq data 

Examination of chondrocytes in the stromal scRNAseq dataset revealed that the B6 

populations of chondrocytes prior to injury had a Col2a1+Acan+ subpopulation (cluster 0) 

of cells that does not appear in the other conditions sequenced (Figure 3. 5). While these 

conditions were all treated the same for cellular isolations, injured B6, uninjured MRL, and 

injured MRL were lacking this population (Figure 3. 5b). Immunohistochemistry was 

employed to further explore this phenomenon and evaluate where these cells resided 

spatially in the knee joint as well as if their presence was truly missing within the articular 

cartilage.   

 
Figure 3. 5: Chondrocyte expression from stromal parent identifies sub-populations. Re-
clustering of the chondrocyte subpopulation in scRNAseq data gives rise to four 
transcriptionally distinct chondrocyte sub-populations. Cluster plots identify different sub-
populations of chondrocytes based on gene expression (A) Feature plots identify 
populations specific markers including collagen 2, aggrecan, and other restricted genes (B). 

Immunohistochemical analysis of MRL and B6 cartilage (Figure 3. 6) identified 

populations of collagen 2 expressing cells and aggrecan expressing cells that formed 

individual layers in the articular cartilage of the knee.  These populations were present in 

tibias of both strains prior to and at 4 weeks post injury. In uninjured knee joints, MRL had 
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a significantly thicker layer of aggrecan positive chondrocytes than B6, that resided 

primarily in the superficial and intermediate layers of the tissue. Additionally, MRL 

seemed to have a smaller population of collagen 2 positive cells that were restricted to the 

deep and calcified layer of the cartilage. However, B6 had an expansion of collagen 2 

expression; cells in the calcified, deep, and some intermediate layer expressed high 

amounts of collagen 2. Additionally, B6 had a very thin layer of aggrecan that included 

some superficial chondrocytes but mostly cells residing in the intermediate layer.  

 
Figure 3. 6: Immunohistochemical validation of ECM protein expression in MRL and B6. 
Visualization of the protein expression of collagen 2 and aggrecan in the articular cartilage 
through immunohistochemistry prior to and after injury. Collagen 2, red. Aggrecan, green. 
Nuclei, DAPI. All images at 40x magnification. Solid line: outline of cartilage or meniscus 
tissues. Dotted line: interface of cartilage and subchondral bone.  

By 4 weeks after injury, there was a severe loss of nearly all aggrecan signal in B6 

tibias. In addition, there was also a significant region of cartilage in which collagen 2 signal 

was lost. MRL, on the other hand, had an expansion in expression of collagen 2 into the 

entire upper regions of the cartilage tissue, while retaining some aggrecan expression in 

the intermediate layer of the tissue. This also corresponded to the appearance of collagen 

2 expressing superficial chondrocytes that were not present prior to injury (Figure 3. 6). 
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Chondrocyte populations from both strains have distinct gene profiles and predicted 

functions 

Gene expression of each cluster identified distinct transcriptomic profiles of each 

single cell RNA sequencing subpopulation of chondrocytes. Four clusters were identified 

(Figure 3. 7a), each having distinct up and down regulated gene expression. Cluster 0 was 

high in collagen 9 (Col9a1/2/3) and collagen 11 (Col11a2), as well as other known matrix 

proteins like matrilin 3 (Matn3), melanoma inhibitory activity (Mia), chondromodulin 

(Cnmd), and inorganic pyrophosphatase 1 (Ppa1) (Figure 3. 7). 

 
Figure 3. 7: Top genes restricted to each chondrocyte sub-cluster: Highly expressed genes 
in each subpopulation of chondrocytes determined by re-clustering. Upregulated genes 
expressed in yellow while downregulated genes expressed in purple (A). Feature plots 
describing gene expression of previously published markers present in the articular 
cartilage of murine knee joints (B) 

This population has a gene expression profile unlike the other three. Additionally, 

Enricher analysis grouped genes into ontologies related to ECM structure reorganization 
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and collagen fibril organization. Pathway analysis revealed they were high in NCAM 

interactions, syndecan pathways and collagen/ECM synthesis (Figure 3. 8). Cluster 1 was 

high in genes associated with Rho protein signaling, cell projection organization and 

neuron development (Figure 8) including Apoe, Itm2a, Gsn, Wif1, Myoc, Ibsp, and Cytl1 

(Figure 3. 7). These genes were also associated with pathways of bone mineralization 

regulation, caspase-mediated protein cleavage, osteoblast signaling, and lipid transport 

(Figure 3. 8). Cluster 2 genes grouped into ontologies and pathways related to sulphated 

proteoglycan/glycosaminoglycan synthesis and organization (  

). These genes included ECM proteins, like Decorin (Dcn), as well as Vcan, 

Igfbp5/6, Spp1, Abi3bp, and Angptl7 (Figure 3. 7). Cluster 2 and cluster 3 also expressed 

similar genes, although Nt5e, Tesc, Serpine2, Cilp, Smoc2, Inhba, and Stc2 were restricted  

  
Figure 3. 8: Gene ontology and Pathway analysis via Enrichr. Chondrocyte subpopulations 
from stromal scRNAseq was analyzed for Gene Ontology (Left, Blue) and Pathways 
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(Right, Red) associated with each subpopulation. Analysis showed distinct potential 
functions of each chondrocyte cluster based on top genes restricted to individual clusters.  

to cluster 3 (Figure 3. 7). In addition, ontologies associated with cluster 3 were 

relatively limited, showing high association with regulating myeloid cell differentiation 

and cellular metabolism regulation (Figure 3. 8).  

Chondrocyte specific gene markers exhibit variable expression after injury  

Furthermore, all clusters all had strong expression of Collagen 2, Aggrecan and 

Sox9; these genes are known as robust chondrocyte markers [145] (Figure 3. 9). 

Additionally, feature plot expression of Clusters 1, 2 and 3 showed Cytl1 expression at 

various levels in all clusters (Figure 3. 7), while violin plots identified that the expression 

was relatively low in all clusters except in uninjured B6 (Figure 3. 9). Similarly, Cilp 

expression was limited to Clusters 2 and 3 in the feature plots (Figure 3. 7) while expression 

was variable in both strains at all timepoints. B6 had a small population of cells that highly 

expressed Cilp that decreased after injury. MRL on the other hand, had a relatively stable 

population of these cells regardless of injury status (Figure 3. 9). While there was some 

expression of Inhibin-𝛽𝛼 (Inhba) in Clusters 0, 1 and 2, the highest expression was in 

Cluster 4 (Figure 3. 7b, Figure 3. 8). Inhba levels were extremely low in both uninjured 

and injured B6 joints, while there seemed to be an increase in expression as well as an 

expansion of these cells after injury in MRL (Figure 3. 9). 

 
Figure 3. 9 Specific chondrocyte marker expression in populations from scRNAseq stromal 
cells. Violin plots representing common chondrocyte genes present in uninjured and 
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injured B6 and MRL from stromal scRNAseq. Height is equivalent to gene expression and 
width is cell number with a specific gene expression value. Colors are representative of 
Sample Conditions: B6 uninjured (D0), B6 injured (4W), MRL uninjured (D0), MRL 
injured (4W) 

 Additional examination of stromal cells identified 133 genes specific to the 

chondrocyte population that were not present in osteoblasts, fibroblasts, and synovial 

fibroblasts (Figure 3. 10a). These genes were enriched for ontology terms that included: bone 

morphogenesis, collagen fibril organization, cartilage development, cell aggregation and 

chondrocyte differentiation (Figure 3. 10b). Furthermore, osteoblasts had 81 population 

specific genes while fibroblasts and synovial fibroblasts had 54 and 52, respectively.  

 
Figure 3. 10: Gene expression specific to function of chondrocytes. Venn diagram 
representing top significant genes in Osteoblasts, Fibroblasts, Synovial Fibroblasts and 
Chondrocytes from stromal scRNAseq (A) Gene ontology identifying potential function of 
genes restricted to chondrocytes (B) 

Cartilage specific digest identifies stromal and bone cell populations in B6 joints 

A modification of dissection and digestion, in addition to another single cell RNA 

sequencing analysis identified 10 transcriptionally unique populations of cells in the knee 

joints of B6 mice (Figure 3. 11a, b). Five of these populations robustly expressed Aggrecan 

(Acan)(Figure 3. 11 b), and were labeled as Chondrocytes (clusters 0, 1, 3, and 4), and 

Proliferating Chondrocytes (cluster 7) (Figure 3. 11c). In addition to these cells, there were 

also large populations of Mesenchymal Stromal cells, Fibroblasts, Osteoblasts, Endothelial 

Cells, Pericytes, and Synovial Intimal Fibroblasts.  
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Figure 3. 11:Single-cell analysis of 10-week-old BL6 mouse knee joints. A) Graphical 
representation of the experimental workflow. Cartilage from mouse knee joints were 
dissected, dissociated into single cells, and subjected to immune and blood cell depletion. 
Viable cells from the remaining fraction were subjected to single cell sequencing. B) Cell 
clusters from scRNA-seq analysis visualized by Uniform Manifold Approximation and 
Projection (UMAP). Colors indicate clusters of various cell types. C) Feature plot showing 
the expression of chondrocyte marker Acan.  

Each population had a distinct gene profile represented by known markers of these 

populations (Figure 3. 12a). The chondrocyte populations also had high expression of 

multiple collagens (Col2, 9, 11, 27) as well as other known secreted ECM proteins such as 

matrilin-3 (Matn3), chondroadherin (Chad), upper zone of growth plate and cartilage 

matrix associated protein (Ucma), and chondrocyte intermediate layer proteins (Cilp1/2). 

Chondrocyte populations (clusters 0, 1, 3, 4, and 7) also expressed distinct markers like 

Wwp2, Sdc4, and Scrg1(Figure 3. 12a), while only Cluster 1 chondrocytes had robust 

expression of Tnfrs11b, Wif1, Cilp1/2, Cytl1, Ibsp, and Clu Figure 3. 12b,c) Cluster 1 

appeared to be transcriptionally unique compared to other chondrocyte populations. 

Furthermore, Clusters 0, 3, 4, and 7 all shared robust expression of Col9a1, Hapln1, Matn3 

and Cnmd. 
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Figure 3. 12:. Identification of OA targets enriched in chondrocytes. A) Heatmap showing 
potential OA targets enriched in chondrocyte clusters compared to other connective-tissue 
forming cell types in the joint. B) Violin plot showing the expression of selected OA 
targets. C) Dot plot showing the expression of selected markers of various chondrocyte 
clusters. Dot size represents the fraction of cells expressing a specific marker in a particular 
cluster and intensity of color indicates the average expression level in that cluster. 

B6 Chondrocytes are transcriptionally unique and may represent different stages of 

differentiation 

Supplementary analysis identified 9 subpopulations of chondrocytes all expressing 

Sox9, Col2a1, Acan, and Chad (Figure 3. 13a) while also having different transcriptomic 

profiles (Figure 3. 13b, Figure 3. 14). Cluster 2 cells were named the Mef2chigh population 

due to their robust expression of Mef2c, as well as Ihh, Alpl, and Pth1r. Cluster 3 robustly 

expressed Keratin-16 (Krt16), Srnx, and 
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Figure 3. 13: Characterization of chondrocyte subtypes. A) Feature plots showing the 
expression of key chondrocyte markers. Purple: high expression, grey: low expression. B) 
UMAP plots of chondrocyte subpopulations in B6 joints. 
M1ap and was named the Krt16high subpopulation. Cluster 4 had strict expression 

of Chil1 and high expression of Efemp1, and Spon. Thus, this cluster was named Chil1high 

subpopulation. Clusters 6, 7, and 8, had robust expression of Top2a, Tnfia6, and S100a4, 

respectively, and were labeled as Dividing Chondrocytes (divC), Tnfaip6high, and 

s100a4high subpopulations (Figure 3. 14c, d). While nearly all cluster (except for 1, 5 and 

8) had strong expression in many cells in that cluster, Cluster 0 had broad expression of 

Ucma, Matn3, and Scrg1, and was named the Umcahigh subpopulation (Figure 3. 14c, d). 

While all clusters expressed Neat1, Cluster 5 had the highest expression and was named 

the Neat1high subpopulation.  

 
Figure 3. 14:Characterization of chondrocyte subtypes C) Heatmap showing the scaled 
expression of top genes expressed in each cluster. D) Violin plot showing the expression 
of selected markers of various chondrocyte subtypes. 

In addition to their robust gene expression profiles, each subpopulation also had a 

distant potential differentiation state when analyzed by pseudo-time trajectory analysis 

using Monocle (Figure 3. 15e, f). When analyzed together, chondrocyte populations 

formed three branches that met in the center. Top2a expressing cells appeared at the end of 
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one branch while Krt16 and Mef2c expressing cells appeared at the end of a second branch.  

These two subpopulations of chondrocytes met in the middle where a large proportion of 

the Ucmahigh cells resided. The third branch showed that Chil1high cells clustered near the 

Ucmahigh subpopulation, and were followed by the Cytl1, Tnfaip6 and S100a4 

subpopulations towards the end of the branch.  

 
Figure 3. 15:. Characterization of chondrocyte subtypes E) Monocle pseudospace 
trajectory colored based on chondrocyte clusters in Figure 3. 13b). F) Expression of 
chondrocyte markers on a pseudotime scale. 

Four cluster specific markers were chosen from the scRNAseq data that were all 

restricted to certain subpopulations of chondrocytes (Figure 3. 16c) for spatial validation. 

Matrilin-3 (Matn3) was used to mark Umcahigh, Mef2c high, Krt16 high, and Chil1 high 

subpopulations. Cytl1 was used to mark the Cytl1 high, Tnfaip6 high, and s100a4 high 

subpopulations. Chil1 was restricted to the Chil1 high population, and Spp1 was used to 

further identify the Tnfaip6 high, and s100a4 high subpopulations (Figure 3. 16c). 

Immunohistochemistry was conducted to further identify the location of chondrocyte 

subpopulations within the cartilage tissue (Figure 3. 16d-f). Thorough analysis of B6 

articular cartilage showed Matn3 expression was present in both superficial and deep, 

calcified chondrocytes (Figure 3. 16d, red), while Cytl1 (Figure 3. 16d, green) and Cilp1 

(Figure 3. 16e, red) had robust expression throughout the intermediate layer of 

chondrocytes. In addition, the deep, calcified layer of chondrocytes and calcified meniscus 

were also labeled using Spp1 (Figure 3. 16f). 
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Figure 3. 16:Spatial characterization of chondrocyte subtypes. C)Feature plots showing the 
expression of Matn3, Cytl1, Spp1 and Chil1.  D) Protein-level expression of Matn3 (red) 
and Cytl1 (green). E) Protein-level expression of Chil1 (red).  F) Protein-level expression 
of Spp1 (red).  DAPI marking the nucleus is in blue. C: Cartilage; B: Bone; M: Meniscus. 

B6 subpopulations are recapitulated in scRNAseq of arthritic cartilage from human knee 
joints 

 Previous research [130] of human arthritic chondrocytes identified multiple 

populations of chondrocytes present. Samples from 10 patients undergoing a full knee 

arthroplasty identified 7 subpopulations that were defined as phenotypes within the OA 

knee which included: proliferative chondrocytes (ProC), pre-hypertrophic chondrocytes 

(PreHTC), hypertrophic chondrocytes (HTC), Regulatory Chondrocytes (RegC), 

Homeostatic Chondrocytes (HomC), Fibrocartilage (FC) and Effector Chondrocytes (EC). 

Single-cell sequencing data from this study was reanalyzed and seven clusters were 

identified that were also present in chondrocyte data from B6 joints (Figure 3. 17a). Of the 

seven previously identified human populations, Homeostatic, Hypertrophic and 

Fibrocartilage populations were identified in the new analysis. Additionally, human 

cartilage also had populations present in the B6 data including: Cytl1 high, Tnfaip6 high Krt16 

high, and Chil1 high. Each cluster was high in Acan and had a unique transcriptomic profile 

that was restricted to each computationally identified cluster (Figure 3. 17b). Nearly all 

clusters had some expression of Cytl1, while HTC and FC populations were extremely high 

in Col10a1 (Figure 3. 17c). Additionally, the FC population and Tnfaip6high population 
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were high in genes indicative of fibrotic cells, fibroblasts and osteoblasts including Col1a1, 

Thy1, Pdgfra, Mmp13, Alpl, Mef2c Pth1r Tnfaip6, Abi3bp, Prg4 and s100a4 (Figure 3. 

17d). Furthermore, homeostatic chondrocytes had high expression of transcription factors 

Jun, Fos, and Fosb, which were also present in mouse chondrocyte scRNASeq data (Figure 

3. 17d, e).  

 
Figure 3. 17:Comparison of human and mouse articular chondrocytes. A) UMAP plots of 
various chondrocyte subtypes in human osteoarthritic knee joints. Colors indicate clusters 
of various cell types with distinct gene expression profiles. B) Feature plots showing the 
expression of key chondrocyte markers in human chondrocytes. Blue: high expression, 
grey: low expression. C) Violin plot showing the expression of Cytl1 and Col10a1 in 
human chondrocyte subtypes. D) Dot plot showing the expression of selected markers of 
various clusters. Dot size represents the fraction of cells expressing a specific marker in a 
particular cluster and intensity of color indicates the average expression level in that 
cluster. E) Feature plots showing the expression Jun and Fos in mouse chondrocytes 

 

Strain specific differences occur at later timepoints after injury in knee joints populations 

 Single-cell RNA sequencing was employed to further elucidate the 

differences in murine cartilage between MRL and B6. There were 13 populations 

identified, including fibroblasts, osteoblasts, chondrocytes, endothelial, immune, erythroid, 
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mesenchymal stromal cells, and proliferating cells (Figure 3. 18a). All stromal populations 

were distinctive in their gene expression profiles and robustly expressed known markers of 

cartilage, bone, and other joints supporting tissues (Figure 3. 18b). Of interest, there were 

three populations of chondrocytes present in the data represented by clusters 1, 2 and 9, 

that were all high in expression of Acan. The proliferating population (cluster 9) also had 

expression of Mki67, a known gene of proliferating cells [146] (Figure 3. 18b). 

Additionally, a small population of Osteoblasts (cluster 6) was high in Bglap or osteocalcin. 

Synovial fibroblasts (cluster 7) and fibroblast (cluster 0) populations were distinguished by 

their expression in Pdgfra, but synovial fibroblasts were also high in expression of Prg4.  

 
Figure 3. 18: Stromal Cell populations of B6 and MRL knee joints. UMAP of all cells 
sequenced identifying stromal and chondrocyte populations in uninjured (D0) and 4-weeks 
post injury (4W) knee joints of MRL and B6 animals (A) Feature plots describing key 
markers of stromal, bone and chondrocyte population. Purple color is representative of 
expression value (B) 

Analysis of each population at all timepoints showed that MRL have significantly 

more fibroblasts at both timepoints than B6, as well as more proliferating cells (Figure 3. 

19). MRL also have a lower number of Cytl1high expressing chondrocytes compared to B6, 

although this population expanded after injury. In addition, MRL had a severe drop in 
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Col2high cells after injury but show an extremely large expansion of endothelial cells 

compared to B6 as well as compared to their uninjured counterparts. 

 
Figure 3. 19: Representation of each population as percent of total cells sequenced. 
Histogram representing all cell populations identified in single cell sequencing. Injured 
(4W) and uninjured (D0) of B6 and MRL are present as separate columns. Populations 
colors are based on cluster identified in Figure 3.18 

Supplemental analysis of bone and cartilage populations identified additional 

changes to these cells occurring after injury and between strains (Figure 3. 19, Figure 3. 20).  

MRL still had an increased fibroblast population characterized by expression of Pdgfra 

(Figure 3. 21). In addition, both B6 and MRL had an expansion of Cytl1high chondrocytes, 

while MRL actually had less Col2high chondrocytes. Prior to injury, MRL had significantly 

less osteoblasts, but had a stark increase after injury. MRL had significantly more 

proliferating chondrocytes than B6 prior to injury, which severely decreased after injury. 

In addition, B6 had a much higher number of mesenchymal-like cells that express multiple 

fibroblast markers prior to injury than MRL. This population decreased in both strains after 

injury and was named mesenchymal progenitors (Figure 3. 20, Figure 3. 21). 
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Figure 3. 20: Joint cells present omitting immune and erythroid contamination. 
Subpopulations of bone, cartilage and other joints supporting cells reclustered and split by 
timepoint (A). Histogram representation of MRL and B6 uninjured (D0) and 4-week post 
injury (4W) joints as a percent of total bone, cartilage, and joint supporting cells (B). 

 
Figure 3. 21: Gene expression of re-clustered bone and cartilage cell populations. Marker 
genes specific for cartilage, bone, synoviocytes, fibroblasts and proliferating cells.  

Cytl1high population of chondrocytes is layer restricted and expands post-injury 

Immunohistochemical analysis of the cytokine-like 1 expression in the knee joints 

of MRL and B6 identified an expansion of cells expressing this protein after injury as show 

in the scRNAseq data (Figure 3. 20, Figure 3. 21). In both strains, there is limited expression 

prior to injury (Figure 3. 22a), while after injury MRL had an expansion of cells expressing 
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low amounts of Cytl1. In contrast, cells expressing Cytl1 in B6 seemed to be similar in 

location and number but had stronger staining than their uninjured counterparts. Both 

strains showed robust expression in the intermediate layer of the articular cartilage, 

although MRL have a larger number of cells in this layer than B6. 

 
Figure 3. 22:Histomorphometry analysis of MRL and B6 cartilage tissue. 
Immunohistochemical analysis of Cytokine-like 1 protein expression in MRL and B6 knee 
joints after injury (A) Cell number (left) and cartilage thickness (right) analysis using 
histologically stained tissue sections of uninjured and injured joints. ns: not significant, 
*p<0.05, **p<0.01, ****p<0.0001 (B) 

Histomorphometry analysis identifies stark differences in cartilage between MRL and B6 

Examination of the cartilage as a whole tissue identified changes in cell number 

and tissue thickness as a result of injury (Figure 3. 22b). Prior to injury, B6 had less cells 

within the articular cartilage than MRL. At 4-weeks post injury, there appeared to be a 

significant loss of cells in B6 cartilage (nearly half), compared to MRL. Moreover, there 

was no significant change in cell number between injured and uninjured cartilage tissue in 

MRL. Furthermore, MRL cartilage was nearly twice as thick as B6 prior to injury (Figure 

3. 22b). MRL also showed no significant difference in cartilage thickness between 

conditions.  
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Discussion 

Within the last decade, studies that define the cellular makeup of the articular 

cartilage have been extremely limited in number [118, 147]. Most studies have focused on 

identifying the bone marrow microenvironment [148, 149] and in turn, its reaction to joint 

injury or fracture. Currently, there is a large gap in understanding of the function that 

chondrocytes have in joint recovery after trauma.  This study identified multiple 

chondrocyte and supporting subpopulations in the articular joint that each have a distinct 

profile and potential function in homeostasis of the tissue. By comparing the articular 

cartilage of MRL and B6 using a TCI model, this study further identified changes at the 

cellular level in response to injury. 

Of the stromal populations identified, endothelial cells had the largest expansion 

after injury as well as were much higher in population in MRL than B6. Endothelial cells 

functionally line vascular tissue and act to regulate nutrient exchange between the 

bloodstream and surrounding tissues. Within the bone marrow microenvironment, they are 

essential in producing growth factors and regulatory cytokines that aid in differentiation 

and movement of hematopoietic stem cells [150]. In addition, endothelial cells have been 

shown to aid in the development of new bone by promoting angiogenesis and stem cell 

recruitment [2]. While endothelial cells have been studied heavily in fracture repair, there 

is very little information pertaining to their role in cartilage homeostasis and regulation. 

Previously, research has shown that a reduction in vasculature or in angiogenesis in bone 

leads to impaired bone maintenance and repair, indicating that endothelial cells and 

pericytes are highly important in bone remodeling and healing [151]. Specifically, 

disruption of Notch signaling to endothelial cells led to a both bone and cartilage defects, 

indicating endothelial interact with chondrocytes to maintain the cartilage integrity [151] 

through delivery of nutrients via angiogenesis. Additionally, in ear cartilage, MRL have 

been shown to have an increase in CD31 positive cells indicating an influx of endothelial 

cells to the tissue after injury when compared to B6 [152, 153]. This alludes to the idea that 

an increase in vasculature in MRL aid in cartilage regeneration and tissue healing after 

traumatic injury. 
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MRL have been previously shown by several groups to have a regenerative 

capability in soft tissues, nerves, ear cartilage and full thickness articular cartilage lesions 

[73]. In addition, it has also been shown that MRL have more chondrocytes as well as a 

thicker cartilage layer than B6 [152] in uninjured joints. This study confirms that MRL 

have an increased number of chondrocytes compared to B6 both before TCI injury as well 

as out to 4-weeks post injury. MRL have also been shown to have an increase in cellular 

proliferation and very specific apoptotic cell profile in the articular cartilage. Prior to 

injury, MRL have very little apoptosis but after trauma there is clear apoptotic signal in the 

deep layer of the articular cartilage; a trend seen in Error! Reference source not found. 

where the deep layer of the AC has lost proteoglycan staining (Figure 3. 23). This indicates 

that MRLs have a more robust intermediate layer of chondrocytes that are not prone to cell 

death or ECM degradation. Additionally, more research is needed to understand what 

signaling is occurring at the cartilage-bone interface that is causing deep layer 

chondrocytes to undergo cell death. Furthermore, increases in proliferating chondrocytes 

seen in Figure 3. 20, identified that MRL joints are more proliferative than B6, specifically 

in their chondrocyte populations. Fitzgerald et al previously showed that B6 lack the 

capability to regenerate the articular cartilage after the induction of a full thickness lesion, 

while MRL could completely regenerate both chondrocytes and ECM [74]. 

 
Figure 3. 23:TUNEL staining of formalin fixed paraffin embedded (FFPE) MRL joints at 
D0 (uninjured, left), Day 7 post injury(middle) and 4-weeks post injury (right). Apoptotic 
cells are marked by red staining indicating fragmented DNA. Dapi staining was used for 
identification of nuclei. Image magnification 10x.  

In addition to the differences in cellular proliferation, MRL also have a more robust 

intermediate layer of chondrocytes that express Cytl1. Cytl1 has been shown in many 

studies to have a positive effect on chondrogenesis and aids in cartilage homeostasis, 

increases pro-angiogenic signaling and regulates chemotactic capabilities [154]. Cytl1 
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expression has been shown to dramatically increase in mesenchymal stromal cells and 

induce chondrogenic differentiation in limb bud mesenchyme without altering 

hypertrophic chondrocytes [155]. When completely knocked down in mice, there are no 

changes to the development of bone and cartilage indicating Cytl1 is important in healing 

and homeostasis rather than maturation [156]. This function is mostly likely through 

binding to CCR2, which leads to downstream activation of ERK signaling and stimulation 

of transcription factor Sox9, as well as insulin growth factor 1 (Igf1) which promotes 

chondrogenesis. Additionally, Cytl1-/- mice show a more severe OA phenotype and 

advanced cartilage degradation when subjected to destabilization of the medial meniscus 

(DMM) surgery, indicating this gene is required for chondrocyte stability during injury and 

joint destabilization.  

Furthermore, Cytl1 has been identified as a novel cytokine produced by CD34+ 

bone marrow cells [157]. Structurally this cytokine has high affinity to adopt an IL-8-like 

chemokine fold that is particularly consistent with CCL2 known as monocyte 

chemoattractant protein 1 (MCP1). CCL2 has been shown to be involved in cartilage 

homeostasis and strongly binds to CCR2, a receptor on leukocytes that promotes 

chemotaxis of myeloid cells to regions of tissue destruction [158, 159]. Due to the high 

affinity of CCL2 and Cytl1 for binding CCR2 [160], the increased population of Cytl1+ 

chondrocytes in MRL, compared to B6, indicates that Cytl1+chondrocytes may be 

functionally important in recruiting macrophages into the synovial joint to promote damage 

control through an anti-inflammatory pathway. Additionally, Cytl1 has been shown to be 

expressed on endothelial cell progenitors and promote angiogenesis through a pathway 

similar to VEGFa [161].  

Furthermore, MRLs had a severe drop in Col2high cells after injury compared to 

uninjured counterparts (Figure 3. 20), although they have an increase in collagen deposition 

in the matrix as shown by IHC (Figure 3. 6). Proteomic analysis previously showed that an 

increase in collagen 2 synthesis was associated with OA cartilage [162]. Additionally, 

studies of cartilage degradation identified aggrecan composition as important in preventing 

proteolytic degradation of collagen 2 and thus strengthening the articular cartilage [163]. 
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While an increase in collagen 2 has been primarily associated with arthritic tissue, this 

protective effect of aggrecan may aid in recruitment of M2 polarized macrophages that 

help heal the joint tissues and potentially induce deposition of new GAGs in the ECM 

[164]. This phenomenon gives rise to the idea that MRL’s Acan+ intermediate layer of 

articular chondrocytes may aid in the protection of ECM breakdown compared to B6. 

Additionally, sustained collagen 2 and Cytl1 expression in MRL chondrocytes may both 

recruit macrophage populations that positively respond to DAMPs in the joints space that 

further an anti-inflammatory phenotype. Molecules responsible for macrophage 

polarization have also been shown to promote chondrogenesis [165]. Additionally, 

Mannose Receptors on macrophages such as MRC1, have been shown to bind degraded 

collagens and internalize them; a function that decreases local DAMPs and promotes an 

anti-inflammatory environment [164-167]. In short, the initial shock of traumatic injury 

may be combatted by an interaction between chondrocytes and M2 macrophage 

populations by production of IL-4, IL-10, and IGF [167].  Increase production of these 

molecules has an anti-inflammatory joint effect, and in turn aids in chondrogenesis, ECM 

turnover, and cartilage repair as seen in MRL joints.  
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Chapter 4. Characterizing Immune Cell Infiltration in the Murine Joint 
Microenvironment after Traumatic Knee Injury 

Abstract 

Post Traumatic Osteoarthritis (PTOA) is a painful joint disease characterized by 

degradation of bone, cartilage, and connective tissues. PTOA is initiated by trauma to joint-

stabilizing tissues, such as the anterior cruciate ligament, medial meniscus or by intra-

articular fractures. In humans, nearly half of joint injuries progress to chronic PTOA, while 

the remainder spontaneously resolve without progressive degeneration. To understand 

molecular programs contributing to PTOA development, we examined injury induced 

fluctuations of immune cells and transcriptional shifts in the synovial joint 

microenvironment in PTOA-susceptible C57BL6/J (B6) and PTOA-resistant MRL/MpJ 

(MRL) mice strains. By inducing injury using a Tibial Compression Injury (TCI) model, 

this study could identify real-time changes occurring after injury that are essential in both 

joint protection and joint degradation. Single cell sequencing of synovial fluid and synovial 

tissue in both strains was conducted starting with uninjured mice and progressing over a 

time course of days 1, 3, 7 and weeks 2 and 4 post injury. Both tissue resident and 

infiltrating immune cell populations from the synovial capsule were identified. In addition, 

significant trends in monocyte and macrophage populations were identified in both MRL 

and B6 joints. these finding alluded to a potential myeloid driven anti-inflammatory 

response after injury in MRL that hinders pro-inflammatory signaling seen in B6 joints.  

Overall, this data suggests that the PTOA resistant MRL/MpJ mice are more 

capable of clearing debris and apoptotic cells induced by the inflammatory response to 

injury because of their increase in activated macrophages within the synovial tissue and 

joint space. Additionally, this sustained population of macrophages may be responsible for 

tissue remodeling after ACL injury, allowing for decreased apoptosis of cartilage and bone 

cells and creating a joint more resistant to mechanical damage.  
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Introduction  

In humans, nearly half of knee joint injuries progress to chronic Post-Traumatic 

Osteoarthritis (PTOA), while the remainder spontaneously resolve without progressive 

degeneration. The pathogenesis and onset of this disease is still not fully understood. It has 

been shown that multiple factors contribute to disease progression including genetics, 

epigenetics, and immune responses [168]. To better understand the molecular programs 

contributing to PTOA resistance, this chapter examines the role the immune system plays 

in inflammation and wound healing in response to ACL injury of both C57Bl6/J (B6) and 

the superhealer, MRL/MpJ (MRL) strain of mice [73].  

PTOA progression can be classified into several early phases starting at trauma. 

These phases are categorized based on the response of the immune system, complex 

metabolic changes to joint resident cells and changes to cartilage composition and 

homeostasis that occur. After initial trauma, individuals enter the intermediate phase of 

disease progression where there is a high amount of cell necrosis, swelling of the cartilage, 

and loss of Proteoglycans (PGs) and Glycosaminoglycans (GAGs). Next, is the acute 

phase, which is characterized by an influx of immune cells that enter the synovial joint. 

This migration results in cell apoptosis, inflammation, cartilage degradation and sometimes 

internal joint bleeding [168]. Following this internal destruction of the joint is the 

asymptomatic phase in which many individuals undergo surgical interventions and pain 

management programs such as physical therapy. In those individuals that do not receive 

reconstructive surgery, this joint trauma can progress to chronic PTOA where individuals 

suffer from severe pain and potential immobility long term [169]. To better understand the 

advancement to chronic PTOA, it is important to reveal damages to the joint tissues that 

are triggered by the immune system and determine specifically when they occur in these 

early phases of trauma response. A more complete understanding of the immune systems 

role will aid in the development of future treatments and preventative measures that can be 

taken by individuals suffering from joint trauma.  

Several studies have shown arthritis progression is dependent on the immune 

systems response to injury [170-174].  In early disease onset, initial damage to joint tissues 
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is caused by synovial inflammation and production of matrix degrading enzymes from 

myeloid derived immune cells. The immune system is divided into two sub-systems 

classified as innate and adaptive immunity. The innate immune systems has been 

previously shown to play specific roles in inflammation and wound healing in PTOA 

through inhibition of pro-inflammatory signaling by alternatively activated macrophage 

populations [175-177]. In response to injury, the first line of defense is mediated by the 

innate immune component that deploys a neutrophil and macrophage response. This initial 

response is non-specific and is designed to protect the body when triggered by specific 

certain molecular patterns [178] that are produced by stressed or apoptotic chondrocytes as 

well as by degraded fragments of the extracellular matrix (ECM). The dissemination of 

joint inflammation in PTOA is prolonged by the response of innate immune cells to these 

damage associated molecular patterns (DAMPs), complement factors, and secretion of 

other catabolic molecules by resident stromal cells, such as degrading enzymes known as 

matrix metalloproteins (MMPs) [179]. DAMPs play a large role in triggering damage early 

in the joint tissue since these signaling molecules are derived from products of degraded 

proteoglycans present in the articular ECM. After initial damage, cartilage, MMPs aid in 

the release of collagens and other ECM proteins from the cartilage caused by joint 

destabilization and mechanical tissue degradation [180]. These solubilized proteins can 

then interact with Pattern Recognition Receptors (PRRs), such as Toll-like receptors 

(TLRs) [181] on nearby synovial cells. This recognition leads to activation of the 

inflammasome, production of cytokines and chemokines, and promotion of inflammatory 

signaling resulting in recruitment of neutrophil and macrophage populations to the injury 

site [182].  

Several studies have further reviewed the role of monocytes and macrophages in 

PTOA pathogenesis in human patient serum and synovial fluid samples [176]. 

Transcriptional identification of cellular markers and spatially identifying populations 

using in vivo labeling systems has shown that activated macrophage levels do correlate 

with the severity of PTOA [177]. Within the joint, there are several types of monocyte-

derived and resident macrophage populations that are essential in maintaining bone and 

joint homeostasis in an anti-inflammatory environment [58]. Many immune cells, 
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including macrophages, reside in the infrapatellar fat pad; a small layer of white adipose 

tissue that is highly vascularized and sensitive to changes within the synovial joint, 

especially during injury. During injury, this tissue becomes a hub for infiltrating immune 

cells.  

 
Figure 4.  1 Schematic of articular knee joint. The articular knee joint is encapsulated by a 
layer of fibroblasts and endothelial cells known as the synovial membrane [170]. Under 
this membrane is a layer of adipose tissue known as the infrapatellar fat pad (yellow). These 
structures surround the cartilage (blue) and meniscus (light grey). Image created with 
Biorender.  

Error! Reference source not found. depicts a complex structure known as the 

synovial cavity that is supported by the fat pad. In a healthy joint, this capsule functions to 

support the joint and aid in movement through lubricating the joint surfaces to facilitate 

movement and reduce friction [183]. It is filled with a nutrient rich fluid, known as the 

synovial fluid and lined by a combination of Type A and Type B synovial fibroblasts, as 

well as and endothelial cells, lymphocytes, mast cells, adipocytes, and interstitial 

macrophages [184]. Synovial fluid is primarily composed of hyaluronan, lubricin, 

proteinase, collagenases, and prostaglandins [183, 185, 186]. Macrophages are the major 

immune cell present in healthy synovial tissue of the joint. A specific subset of 
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macrophages, known as Lyve1 macrophages, line and maintain the integrity of the synovial 

cavity to keep the articular cartilage unperturbed by endogenous DAMPs that form from 

normal wear and tear of the joint [187]. During acute inflammation or chronic 

inflammatory diseases such as rheumatoid arthritis (RA), there is an increase in monocytes, 

activated macrophages, and synovial fibroblast populations that enter the joint space due 

to a disruption of this “lining” [188, 189].  This cellular influx leads to an expansion of the 

synovial pannus and increases degradation of the articular cartilage due to a spike in 

metalloproteinases secreted by infiltrating monocyte-derived macrophage populations 

[184].  These infiltrating macrophages are in large the main contributor to the sustained 

inflammation in the joint during OA progression [190]. They have been previously shown 

to have a more pro-inflammatory phenotype and release molecules associated with tissue 

degradation [191]. Although tissue resident macrophages are extremely important in 

resolving inflammation in RA the migration of non-resident macrophages can be 

detrimental to the tissue integrity. By identifying key cell types that push the tissue towards 

a more inflammatory phenotype, such as infiltrating macrophages, we can better 

understand their function in OA progression and potentially use them as drug targets for 

long term damage prevention.  

To understand the progression of PTOA fully, the role of the immune system needs 

to be studied at a more detailed level than it has been previously attempted. The field has 

shown that a switch from a normal steady joint state to an inflammatory environment by 

infiltrating monocytes has a negative impact on joint integrity and disease outcome, 

although specific immune cell sub-types have still not been characterized. This chapter 

shows that by leveraging a non-surgical Tibial Compression Induced (TCI) injury model 

in mouse strains with varying susceptibilities to PTOA, we can study the immune response 

in the joint without inducing an immune response triggered by the surgery [192]. This study 

employed single-cell RNA sequencing (scRNAseq) to further identify tissue resident and 

infiltrating immune cell populations in the synovial capsule and infrapatellar fat pad with 

unprecedented resolution, from B6 and MRL mice at early and late stages of disease 

progression after trauma, to identify strain specific differences that may correlate with a 

disease protection phenotype.  
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Methods 

Animal Care and Tibial Compression Joint Injury 

All animal experimental procedures were completed using male mice in accordance 

with the Institutional Animal Care and Use Committee (IACUC) guidance at Lawrence 

Livermore National Laboratory and the University of California, Davis in AAALAC-

accredited facilities. Male MRL (MRL/MpJ, Stock # 000486), B6 (C57Bl6/J, Stock # 

000664) and Trem2-/- (C57BL/6J-Trem2em2Adiuj/J, Stock # 027197) animals were purchased 

from Jackson Laboratory and bred in house using standard procedures. At 10-weeks MRL, 

B6 and Trem2-/- mice were placed under anesthesia using isoflurane inhalation and placed 

in a horizontal position to prepare for a non-invasive knee joint injury [129]. The right tibia 

was placed between two plates and subjected to single tibial compression overload at 1 

mm/s displacement rate. Anterior Cruciate Ligament rupture occurred after a total 

compressive force, between 12N-18N was applied using an electromagnetic material 

testing system (ElectroForce 3200, TA Instruments, New Castle, DE, USA). Mice were 

given a single 50uL dose of 0.9% sterile saline (Becton, Dickinson and Company, Franklin 

Lakes, NJ, USA), and a single dose of Buprenorphine (0.01 mg/kg) administered 

immediately post-injury for pain relief. Post injury mice returned to normal cage activity 

and were housed in standard caging. Mice were allowed free range of the cage while on 

12h light/dark cycles for up to 4 weeks, prior to euthanasia at specific time points, as 

indicated in Error! Reference source not found.. 

Histological assessment of the articular joint 

Right hindlimbs were collected from uninjured (Day 0) and injured male mice at 

Day 7 (D7) and 4-weeks (4W) post-injury and processed for histological evaluation as 

previously described in chapters 1 and 2. Briefly, whole hindlimbs, without the foot, were 

fixed in 10% Neutral Buffered Formalin (NBF) overnight at 4oC. Then decalcified using 

0.5 M EDTA using the weight loss-weight gain method for measuring decalcification status 

and finally processed for paraffin embedding. Once embedded, joints were sectioned in the 

sagittal plane at 6µm and serial medial sections were prepared for histological assessment 

of joint tissue integrity at all timepoints. Sections were stained on charged glass slides using 
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0.1% Safranin-O (0.1%, Sigma, St. Louis, MO, USA; S8884) and 0.05% Fast Green 

(0.05%, Sigma, St. Louis, MO, USA; F7252) using standard procedures (IHC World, 

Woodstock, MD, USA). Slides were imaged using a Leica DM5000 microscope (Leica 

Microsystems, Wetzlar, Germany). ImagePro Plus V7.0 Software, a QIClick CCD camera 

(QImaging, Surrey, BC, Canada), and ImageJ V1.53 Software were used for imaging and 

photo editing. 

OARSI Histological Scoring of Joint Degradation for Trem2-/- after injury 

Selected serial medial sections from B6 and Trem2-/- were stained using Safranin-

O and Fast Green as described above and subjected to a blind semi-quantitative scoring by 

five individual scientists using the OARSI Histopathology Scoring System [193]. All 

scores were collected, and the average score was plotted to determine the grade of joint 

damage that had occurred at 4W post injury compared to uninjured joints. 

Immunohistochemistry 

Sagittal sections from D0, D7, 4W knee joints of all mice strains were used for IHC. 

Primary antibodies were incubated overnight at 4°C in a dark, humid chamber following 

antigen retrieval with Unitrieve (NB325 Innovex Biosciences, Richmond, CA. USA) and 

blocking using Background Buster (NB306 Innovex Biosciences, Richmond, CA. USA) 

per manufacturer’s instructions. Secondary antibodies were incubated for 2 hours at room 

temperature in a dark, humid chamber at 1:500. Negative control slides were incubated 

with secondary antibody-only. Stained slides were mounted with Prolong Gold with DAPI 

for nuclei staining (Molecular Probes, Eugene, OR. USA). Slides were imaged using a 

Leica DM5000 microscope. ImagePro Plus V7.0 Software, QIClick CCD camera 

(QImaging, Surrey, BC, Canada) and ImageJ V1.53 Software were used for imaging and 

photo editing. Primary antibodies include: Trem2 [1:100; ab95470 Abcam, Cambridge, 

UK], CD206 [1:100; ab64693, Abcam, Cambridge, UK]. Secondary Antibodies include: 

Goat anti-rabbit 594 (1:1000; A11037, Thermofisher, Waltham, MA. USA), Donkey anti-

goat 488 (1:1000; A11055, ThermoFisher, Waltham, MA. USA). 
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Single-cell RNA sequencing 

 D0 and injured joints from D1, D3, D7, 2W, and 4W post-injury (n=5/group) were 

used for scRNA-seq analysis from both B6 and MRL joints. Briefly, right hindlimbs from 

injured and uninjured animals were dissected and of skin and muscle, while maintaining 

the integrity of the knee joint and retaining synovial fluid between tibia and femur. Cells 

residing in the synovial capsule were released by dissociating the joint and separating the 

femur and tibia into 7.5 mL of digestion cocktail containing 3% Collagenase 1 solution 

(Worthington Biochemical, Lakewood, NJ; CLS-1) and 100 µg/mL DNase I (Roche, 

Basel, Switzerland; 11284932001) in DMEM/F12. Joint tissue was digested while shaking 

at 37°C for two 1-hour digests, filtered through a 70μm nylon cell strainer into a 50mL 

conical, followed by a PBS wash step between each digest. After the final digest, cells were 

pelleted at 4oC under 600g centrifugation, and subjected to red blood cell (RBC) lysis using 

ammonium-chloride-potassium (ACK) lysis buffer (ThermoFisher Scientific, Waltham, 

MA, USA; A1049201). CD45+ immune cells were enriched using CD45 conjugated 

magnetic microbeads followed by Miltenyi Biotech MACS separation with LC columns. 

Both the immune (CD45+) and non-immune (CD45-) cell populations were sequenced 

independently using a Chromium Single Cell 3’ Reagent Kit and Chromium instrument 

(10X Genomics, Pleasanton, CA). Library preparation was performed according to 

manufacturer’s protocol and sequenced on an Illumina NextSeq 500 (Illumina, San Diego, 

CA, USA). 

scRNAseq data analysis 

Raw scRNAseq data was processed using the 10x Genomics Cell Ranger software 

according to manufacturer’s recommended protocols (10X Genomics, Pleasanton, CA, 

USA). Briefly, raw base call (BCL) files generated by Illumina NextSeq 500 sequencer 

were demultiplexed into FASTQ files using Cell Ranger ‘mkfastq’. Aligning sequencing 

data to the mouse reference genome (mm10), barcode counting, and unique molecular 

identifier (UMI) counting were performed using Cell Ranger ‘count’. Remaining analysis 

was performed using Seurat R package, which performs quality control and subsequent 
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analyses on the feature-barcode matrices produced by Cell Ranger. Output files from Cell 

Ranger were read into Seurat and cells with fewer than 500 detected genes/cell and genes 

that were expressed by fewer than 5 cells were filtered out. Next, the data was normalized 

by employing a global-scaling normalization method ‘LogNormalize’ and a set of highly 

variable genes was identified. Then the data from various timepoints were integrated for 

downstream analysis. After quality control procedures and integration were complete, data 

was scaled, and the dimensionality of the data was reduced by principal component 

analysis (PCA). Subsequently, cells were grouped into an optimal number of clusters for 

de novo cell type discovery using Seurat’s ‘FindNeighbors’ and ‘FindClusters’ functions. 

A non-linear dimensional reduction was then performed via uniform manifold 

approximation and projection (UMAP) and various cell clusters were identified and 

visualized. Marker genes per cluster were calculated using Seurat’s ‘FindAllMarkers’ 

function. To characterize monocytes and macrophages in detail, Mono/Mac cluster was 

extracted and analyzed as described above. Proliferating cells and a small subset of T cells 

identified among Mono/Macs were removed and Csf1r- and Cd14-positive monocyte and 

macrophage subclusters were further analyzed to identify various subtypes and cell type-

specific changes. Gene expression plots were created using Seurat’s ‘VlnPlot’, ‘DotPlot’, 

and ‘FeaturePlot’ functions. Differential gene expression analysis was performed using a 

pseudo-bulk RNAseq approach, treating each cell as a sample. The Deseq2 package[194] 

was utilized to perform differential expression analysis between experimental conditions.  

.. Genes with a p-value of <0.05 and a fold change ≥ 1.5 were considered differentially 

expressed. Ontology enrichment analysis on differentially expressed genes was performed 

using Enrichr(37). 

Flow cytometry analysis 

Single cell suspensions from all injured and uninjured knee joints were generated 

as previously described in the single-cell RNA sequencing section. Cells were blocked 

using Rat Anti-Mouse CD16/CD32 (Stock # 14-0161-82, Mouse Fc Block; BD 

ThermoFisher, Waltham, MA. USA) at 4oC for 10 minutes. Samples were then incubated 

with an antibody cocktail (all purchased from Thermo Fisher) specific for macrophage 

characterization containing the following antibodies at a 1:100 dilution: PerCP CD45 
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Monoclonal Antibody (Clone: EM-05, Stock# MA110234), eFluor 506 CD11b 

Monoclonal Antibody (Clone: M1/70, Stock# 69-0112-82), PE F4/80 Monoclonal 

Antibody (Clone: QA17A29, Stock 157304), APC CD206/MMR Monoclonal Antibody 

(Clone: MR6F3, Stock# 17-2061-82), FITC TREM2 Monoclonal Antibody (Clone: 78.18, 

Stock# MA528223) and Sytox Blue Dead Cell stain for viability. Flow cytometric analysis 

was performed on a BD FACSMelody system. 

Analysis software and statistical analysis 

Statistical analyses were performed using GraphPad Prism. Flow cytometry data is 

presented from three to five biological replicates per strain (n= 3-5 males). A one-way 

ANOVA and post-hoc Bonferroni’s Test were used to assess statistically significant 

differences of mean expression values. OARSI scoring is presented from four biological 

replicates (n=4 males) per strain and scored by five individual scientists. A one-way 

ANOVA and post-hoc Bonferroni’s Test were used to assess statistically significant 

differences of mean expression values. Expression of immune cell marker in chondrocyte 

culture is presented from three (n=3 males) biological replicates. An unpaired students t-

test and post-hoc Bonferroni’s Test were used to assess statistically significant differences 

of mean expression values. All results were considered statistically significant for p values 

< 0.05. 

Micro-computed tomography (uCT) Quantitative Analysis 

Uninjured/Contralateral left and injured right hindlimbs from male B6 and Trem-/- 

were collected at 6-weeks post injury for quantification of bone structure and osteophyte 

formation. Samples fixed for overnight at 4oC using 10% NBF and stored in 70% EtOH at 

4oC until scanned. Whole knees were scanned using a SCANO μCT 35 (Wangen-

Brüttisellen, Switzerland) according to the rodent bone structure analysis guidelines (X-

ray tube potential = 55kVp, intensity = 114 μA, 10 μm isotropic nominal voxel size, 

integration time = 900 ms) and as previously described [194, 195]. Trabecular bone in the 

distal femoral epiphysis was analyzed by manually drawing contours on 2D transverse 

slides; the volume of interest was designated as the region of trabecular bone enclosed by 

the growth plate and subchondral cortical bone plate. Trabecular bone volume per total 
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volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular 

separation (Tb.Sp), and other microstructural outcomes were quantified using the 

manufacturer’s analysis software. Osteophyte volume in injured joints were quantified by 

drawing contours around all heterotopic mineralized tissue attached to the distal femur, 

proximal tibia, patella, fabella, and menisci. Total mineralized osteophyte volume was 

calculated as the volumetric difference in mineralized tissue (excluding the femur and tibia) 

between injured and uninjured/contralateral joints. 

Micro-Computed Tomography Statistics.  

Statistical analysis was performed using two-way ANOVA and Student’s T-test 

with a two-tailed distribution, with two-sample equal variance (homoscedastic test). For 

all tests, p<0.05 was considered statistically significant, after a Bonferroni correction.  

Results 

Profiling murine synovial immune populations using single cell RNA sequencing of MRL 

and B6 knee joints  

As shown in Chapter 3, injured hindlimbs of MRLs show a significant difference 

in their resistance to cartilage breakdown in comparison to B6 4-weeks after ACL rupture 

using the tibial compression injury (TCI) model (Error! Reference source not found.); a 

phenotype that is sustained out to 12-weeks post-injury [99, 128]. 



 

81 

 
Figure 4.  2. Histological Assessment of PTOA onset in MRL and B6. Formalin-fixed, 
paraffin embedded murine hind knee joints were stained using safranin-o and fast green to 
identify differences in tissue morphology after injury. PTOA resistant MRL (top row) show 
little loss of staining after injury in the articular cartilage of the femur and tibia (red) 
indicating little to no loss of proteoglycan content in the cartilage matrix (top right, * 
asterisk). PTOA susceptible B6 (bottom row) show severe degradation of bone (blue,) and 
cartilage (red) in the tibia, and loss of some cartilage in the femur after injury (bottom right, 
* asterisk). Scale bar = 100um. Magnification 20X. F-Femur, T-Tibia. 

 To identify specific changes to the immune profile of these mice before and after 

TCI, synovial joints were enzymatically digested to a single cell suspension and 

Fluorescently Activated Cell Sorting (FACS) was used to enrich for viable, CD45+ 

immune cells from uninjured, day 1, day 3, day 7, 2-weeks and 4-weeks post injury (Error! 

Reference source not found.). Single-cell sequencing was conducted to comprehensively 

examine the immune profile of PTOA-susceptible and PTOA-resistant phenotypes of the 

synovial joint. 

  
Figure 4.  3:Workflow for murine knee single-cell sequencing and flow cytometry. 
Uninjured murine joints were collected at Day 0 (dotted black arrow). Following tibial 
compression (red solid arrow), injured joints were collected at Days 1, 3, 7, 2-weeks and 
4-weeks (solid black arrows) post injury and prepared for single-cell sequencing. Digested 
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immune cells (CD45+) were sorted using FACS to exclude stromal (CD45-) and erythroid 
lineage (Ter119+) cells before conducting single-cell RNA sequencing. 

Single-cell sequencing identified seven (7) immune cell clusters including: 

Neutrophils, Macrophages, B cells, Proliferating Myeloid cells, Proliferating Neutrophils, 

T/NK cells, and Dendritic cells (Error! Reference source not found.a). All clusters highly 

expressed Ptprc (CD45) (Error! Reference source not found.b) and were identified based 

on specific cell markers of their respective cell types (Error! Reference source not 

found.c). Cells in Cluster 1 were high in expression of s100a8 and s100a9 were labeled as 

Neutrophils. Cluster 2 was labeled as Macrophages due to their high in expression of CD14 

and Csfr1. Cluster 3, B cells, robustly expressed Ly6d and CD79a/b. Proliferating 

populations in clusters 4 and 5 were high in makers of proliferation and cell cycle genes 

(Top2a, Mki67, Ran), cytoskeleton rearrangement (Stmn1, Tubb, Pclaf), and genes 

associated with the regulation of apoptosis (Anp32b, Ptma, H1-5). To differentiate the two 

clusters, expression of macrophage marker Csfr1 and neutrophil markers s100a8/9 were 

used. T/NK cells were clustered together based on their expression of Nkg7 and Thy1 and 

are labeled as cluster 6. Finally, cluster 7 was identified as dendritic cells due to its high 

expression of Ly6d and Ccr9 (Error! Reference source not found.a). 
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Figure 4.  4: Immune cell classification using scRNAseq and cluster-based gene 
expression. (A) Merged Uniform Manifold Approximation and Projection (UMAP) 
representing seven immune cell types within the synovial joint. (B) Feature plot of all 
populations showing well known transcriptional immune marker, Ptprc, which is expressed 
as CD45. (C) Violin plots identifying specific markers for each representative cell type. 
Height indicates cellular abundance and width indicates relative expression. 

In uninjured joints of both strains, the neutrophil population was the largest, 

accounting for approximately 58% and 70% of the total cells sequenced in B6 and MRL, 

respectively. Macrophages comprised the 2nd largest population of sequenced cells with 

~12% in B6 and ~10% in MRL. B6 had about 13% B cells, while MRL had roughly 6%. 

The remainder of the populations in B6 and MRL approximately included: 7% and 5% 

Proliferating Myeloid cells, 6% and 4% Proliferating Neutrophils, 4% T/NK cells for both 

strains, and 1.2% and 0.7% dendritic cells. After injury, several strain specific trends were 

observed in each cell type (Error! Reference source not found.b), the largest population 

shifts occurred at day 3 post-injury (Error! Reference source not found., Error! 

Reference source not found., Table 4. 1). The most dramatic shift was observed in the 
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neutrophil population of the MRLs, which decreased by 50% while neutrophil populations 

in B6 only decreased by ~15%. While macrophages in B6 and MRL were relatively 

comparable prior to injury, the population increased by ~52% in MRL, while the B6 

population only increased by ~25%. Additionally, proliferating myeloid cell numbers 

increased by nearly 9% while B6 only increased by ~1.5%. At 4-weeks post injury, many 

populations in B6 stayed elevated from baseline D0 including an 11.5% increase in 

macrophages, 2.5% and 3% increase in proliferating myeloid and neutrophils respectively, 

as well as a 2% increase in T/NK cells. Additionally, the neutrophil population dropped by 

nearly 15%. In contrast, MRL had an 18% increase in macrophages, while other immune 

populations dropped below their baseline levels including a dramatic loss of neutrophils of 

nearly 15%: a similar trend for these cells seen in the B6 population. Changes in other 

populations are very minor and can be found in Table 4. 1 and Figure 4.  6: Percent of total 

Immune cells per timepoint. Graphical representation of the percent of each immune 

population sequenced across all injury timepoints. Colors are represented by cluster 

identities in figure 3. 

 
Figure 4.  5: Transcriptomic trends of differing joint immune populations after injury. Heat 
map of top genes contributing to each representative immune population’s transcriptomic 
profile (A). Changes in proportion of each immune population after injury determined 
using single-cell RNA sequencing. Colors based on cluster identities in Figure 3 (B).  
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Table 4. 1: Percent of Immune cells per cluster. Raw percentages of total immune cells 
sequenced in each cluster at all timepoints in B6 (top) and MRL (bottom) joints.  
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Figure 4.  6: Percent of total Immune cells per timepoint. Graphical representation of the 
percent of each immune population sequenced across all injury timepoints. Colors are 
represented by cluster identities in figure 3. 

Single-cell sequencing uncovers multiple subpopulations of macrophages induced by TCI 

injury 

Populations of monocytes and macrophages have been previously identified in the 

synovial joint [187, 196] that have distinct functions associated with homeostasis, joint 

protection and the inflammatory response in RA [197]. These cells are extremely diverse 

in function, tissue region and transcriptionally; alluding to specific responses they may 

have early in PTOA progression. To determine the role this population plays in disease 

onset, the parent macrophage cluster (Mono-Mac) was further analyzed to identify sub-

populations of monocytes and macrophages at baseline as well as in response to joint injury 

at D1, D3, D7, D14 and D30. Analysis of this cluster identified nine (9) different sub-

populations (Error! Reference source not found.) with distinct gene expression profiles. 

All clusters expressed CD14, and clusters 1, 2, 4, and 6 were consistent in expression of 

Adgre (F4/80) (Error! Reference source not found.b) compared to previously published 

data identifying these cells as macrophages [198]. Further analysis showed clusters 3, 5, 

and 7 shared expression of Plac8, an established monocyte marker [199].  

 
Figure 4.  7 :Myeloid and macrophage sub-clusters have distinct gene expression profiles. 
Identification of monocyte and macrophage populations from the parent Macrophage 
single-cell cluster (A). Feature plots of restricted gene expression to certain sub-
populations used to identify clusters (B). 

In addition to these classically defined macrophage and monocyte clusters, clusters 

8 and 9 had distinct gene expression profiles corresponding to osteoclasts (cluster 8) and 

Ighmhigh monocytes (cluster 9). The osteoclast cluster had strong expression of Cstk, Acp5, 

Nfatc1, and Mmp9, all transcripts known to be highly expressed in osteoclasts [200]. 

Ighmhigh cells represented a smaller cluster of monocytes that displayed high expression of 
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genes associated with B cell differentiation and proliferation (CD79a/b, Myb, IghM, 

Vpreb3, Igkc, Mmp9) [201, 202], but did not cluster with B cells in the parent immune 

cluster (Error! Reference source not found., Error! Reference source not found.). In 

addition, this subpopulation expressed Plac8 at lower levels than the other monocyte 

clusters (Error! Reference source not found.b).   

 
Figure 4.  8: Expression of monocyte, macrophage and B cell markers present in parent 
clusters of immune cells. Feature plots showing Ly6c2 expression in neutrophil 
populations, some myeloid, and B cells (Left). Robust CD14 expression in neutrophils and 
all myeloid derived cells (Middle). Limited expression of Ighm to B cells and some 
proliferating myeloid cell populations (Right).  

Clusters 1, 2, and 4 had relatively high expression of Mrc1 (CD206) (Error! 

Reference source not found.b). This suggests that these clusters are each separate sub-

populations of alternatively activated or M2 macrophages commonly known for tissue 

repair and wound healing [60]. Clusters 1 and 2 are moderately comparable 

transcriptionally (Error! Reference source not found., Error! Reference source not 

found.) and cluster together closely in UMAP projections. While both exhibit little to no 

expression of Ly6c (Error! Reference source not found.), they robustly express CD14, 

Adgre, Crip1 and Trem2 (Error! Reference source not found.b, Error! Reference source 

not found.). The Crip1highCav1+ (cluster 2) has lower Mrc1 expression when compared to 

Trem2highFcrls+ (cluster 1), but robustly expressed Cav1 (Caveolin-1) (Error! Reference 

source not found., Error! Reference source not found.); a gene that has been shown to 

promote monocyte to macrophage differentiation [203]. In addition to its classical 

macrophage expression, cluster 1 is high in expression of Apoe, IL-10, and Cxcl1/2 (Error! 

Reference source not found.). Apoprotein E, Apoe, is an HDL protein secreted by 

macrophages to aid in lipid efflux, cholesterol homeostasis, and can limit pro-inflammatory 

cytokine and chemokine signaling to promote an M2 macrophage phenotype [204, 205]. 
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Interlukin-10 (IL-10) is an anti-inflammatory cytokine produced by macrophages and is 

vastly associated with macrophage activation and switching from a pro-inflammatory M1 

state to a reparative M2 state by a downregulation of Tumor Necrosis Factor (TNF) [206]. 

 
Figure 4.  9:Heatmap expression of top expressed genes from each Mono-Mac sub-
population. Scaled expression of most highly enriched genes of each monocyte-
macrophage subpopulation. Colors are indicative of clusters identity in figure 5, expression 
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is based on average logarithmic fold change where yellow expression is two-fold higher 
and purple is two-fold lower. 

Cluster 4 was classified as the Lyve1highFolr2+ sub-population of macrophages and 

broadly expresses Mrc1 and Adgre (Error! Reference source not found.). It is 

characterized by its high expression of lymphatic vessel endothelial hyaluronan receptor-1 

(Lyve1) (Error! Reference source not found.) and clusters closely with the Crip1highCav1 

and Trem2highFcrls+ populations. While the Lyve1highFolr2 subpopulation shares some 

expression (Error! Reference source not found.) it differs transcriptionally by expressing 

another set of genes associated with fibroblast proliferation, tissue remodeling, stress 

response, and monocyte migration including Vsig4, Tim2, Lyve1, and Aqp1 [132, 207, 208] 

(Error! Reference source not found.). In addition, its high expression of Folr2, a gene 

previously shown to act as a marker for tissue resident macrophages [209], coincides with 

the previously published studies on resident Lyve1 expressing macrophages in the synovial 

lining of joints and other soft tissues [187, 198].  

 
Figure 4.  10:Established markers differentiating Mono-Mac subpopulations from 
scRNAseq. Violin plots representing genes used to distinguish monocyte and macrophage 
subpopulations. Height indicates cellular abundance and width indicated relative 
expression. Colors are indicative of cluster identities in Figure 5.  

Cluster 5 has variable expression of monocyte and macrophage makers including 

Plac8, CD14, Ly6c, and Adgre, while having robust expression of s100a8 and s100a9 



 

90 

(Error! Reference source not found., Error! Reference source not found.), two widely 

accepted markers of neutrophils and monocytes. Previous research has shown that these 

proteins make up nearly 45% of cytoplasmic protein in neutrophils and DCs while 

monocytes have been shown to have lower expression levels, suggesting that these are 

tissue resident monocytes [210, 211], and was thus named s100a8high monocytes. This 

cluster is dominant in markers associated with endothelial proliferation and angiogenesis, 

Lcn2 [212, 213], and robust in markers associated with monocyte differentiation into 

macrophages [214] [215] such as Wfdc21, and Mmp8, as well as genes related to monocyte 

activation and recruitment such as Ngp [216].  

Cluster 6 denoted as MHC2high is a population of monocytes that is high in CD74, 

CD209a, and CD14 expression (Error! Reference source not found., Error! Reference 

source not found.)  and has robust expression of genes associated with myeloid cell 

pathways involving antigen processing and presentation [217], TLR signaling [218], and 

interactions with cytokines affecting monocyte migration [219] (H2-Ab1, H2-Aa, H2-Eb1, 

H2-Dmb1, H2-Dma1, Ccr7, Tnip3). Cluster 7 is high in interferon signaling genes (Ifit1, 

Ifit2, Ifit3, Irf7), and macrophage activation and recruitment (Cxcl10) [220], suggesting 

that this subpopulation plays a role in regulating macrophage activation. In short, these two 

subpopulations may play a highly important role in monocyte and macrophage recruitment 

through cytokine and interferon signaling cascades.  

 
Figure 4.  11:Injury induced spikes in myeloid populations are consistent across platforms. 
Analysis of monocyte and macrophage subpopulations from single-cell sequencing 
analysis shows a large change in each myeloid population after injury that progressed until 



 

91 

day 3 post injury and returned to baseline starting at 2W post injury (A). Flow cytometric 
analysis of digested myeloid cells confirmed the largest significant changes in myeloid cell 
populations occurred at day three post injury and returned to baseline around 4-weeks post 
injury(B). 

Myeloid cell populations change dramatically at early timepoints after injury 

Nearly all Mono-Mac sub-populations suffered from severe shifts at day 3 or day 7 

post injury. In addition, these changes were strain dependent and in MRL some sustained 

to nearly 4 weeks post injury (Error! Reference source not found.). B6 joints showed a 

slight increase from baseline of nearly 3% at day 3 post injury in both the MHC2high 

monocytes and Ifn-R monocytes, while in MRL only the Ifn-R monocytes increased from 

baseline by roughly 2%. Comparatively, s100a8high monocytes and Ighmhigh monocytes 

decreased slightly from baseline in both MRL and B6. S100a8high monocytes decreased 

about 8% in B6 and 14% in MRL, while the Ighmhigh monocyte population declined about 

4% in both strains. This trend in monocytes was also confirmed by FACS analysis, where 

the myeloid population peaked at day 3 post injury and began to decline in both MRL and 

B6 synovial joints (Table 4. 2).  

Table 4. 2. Percent of Mono-Mac Subpopulations. Raw percentages of each subpopulation 
in total cells of Mono-Mac parent cluster at all timepoints in B6 (top) and MRL (bottom) 
joints. 

 
The largest shift in macrophages was observed in the Trem2highFcrls+ subpopulation 

at day 3 post-injury. This subpopulation increased nearly 19% and 27% from baseline Day 
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0, in B6 and MRL, respectively (Error! Reference source not found.a). A similar increase 

was observed at 3 days post-injury in the Crip1highCav1+ subpopulation where both strains 

had an increase of about 17% from baseline (Error! Reference source not found.a). In 

addition, this subpopulation had a second spike at 4-weeks post injury in both strains. 

 
Figure 4.  12: Changes to monocyte influx and macrophage activation over injury 
progression. Split UMAP of all cells expressing Ly6c2 in Mono-Mac parent cluster (A). 
Percent of total Ly6c2 expressing cells across injury timepoints showing B6 (solid line) 
and MRL (dotted line) specific subpopulations (B) Feature plots of all Mrc1 (CD206) 
expressing cells in Mono-Mac cluster at all timepoints post-injury (C). Percent of total cells 
sequenced expressing Mrc1 (CD206) in both B6 (solid line) and MRL (dotted line) across 
all injury timepoints (D).  

In the Ly6c+ monocyte subpopulation (cluster 3), the largest spike from baseline 

occurs at day 3 in B6, and day 7 in MRL. This trend can also be seen in all Ly6c+ cells 

using flow cytometry to analyze the percent of myeloid cells present in the synovial joint 

at all timepoints: D0 (uninjured), D1, D3, D7, 2W-, and 4W-post injury (Error! Reference 

source not found.b). When all clusters were analyzed together, Ly6c expression was most 

prevalent in clusters 3, 5, and 7 (Error! Reference source not found.a). Interestingly, B6 

have an increased number of Ly6c+ monocytes at all timepoints when compared to MRL 

(Error! Reference source not found.b), suggesting there is less macrophage 

differentiation and more monocyte recruitment occurring in B6 joints after injury. 

Additionally, there were an increasing number of CD206+ cells in both MRL and B6 

(Error! Reference source not found.c, d). MRL joints had a larger baseline level of 

alternatively activated (M2) macrophages that sustains high levels after injury when 
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compared to B6 (Error! Reference source not found.c, d). These activated macrophages 

robustly expressed Mrc1, and primarily clustered with the Crip1highCav1+ and 

Trem2highFcrls+ populations (Error! Reference source not found.c). These trend suggests 

that MRL have an increased shift in their differentiation from monocytes to macrophages 

as well as increased macrophage infiltration into the joint after injury that may play a role 

in their resistant phenotype.  

Moreover, all CD206+ cells were further separated into all CD206+Lyve1+ and all 

CD206+Trem2+ cells (Error! Reference source not found.). Initially, MRL had more 

Lyve1+ and Trem2+ cells which coincides with the increased number of M2 activated 

macrophages seen in Error! Reference source not found.. Over the course of injury, these 

macrophage populations spiked at two different timepoints early on post-injury. Initially 

the Lyve1+ population suffered from a large decrease in population at day 3 in both strains, 

although levels of Lyve1+ cells were still higher in MRL. This population began to recover 

at day 7, and continued to increase above pre-injury levels in both strains (Error! 

Reference source not found.a,b). In addition, Lyve1 expression was restricted to the 

Lyve1highFolr2+ cluster (Error! Reference source not found.a). 
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Figure 4.  13:  Subpopulations of all Mono-Mac populations expressing alternative 
activated macrophage markers. Split feature plots representing injury induced expression 
in all Mono-Mac subpopulations (A). Line graph showing percent of cells in the Mono-
Mac subpopulations coexpressing CD206 and Lyve1 at all timepoints in B6 (solid line) 
and MRL (dotted line) (B). Split feature plots of Trem2 expressing cells at day 0, day 7, 
and 4-weeks post injury in all subpopulations (C). Line graph representative of the percent 
of CD206 and Trem2 expressing cells in Mono-Mac subpopulations of both MRL (dotted 
line) and B6 (solid line) strains across all timepoints (D). 

In contrast, Trem2 expression expanded across the Crip1highCav1+, Trem2highFcrls+ 

and Lyve1highFolr2+ subpopulations (Error! Reference source not found.c). Trem2+ cells 

instantly began to increase after injury, peaking at day 7 for both B6 and MRL. The same 

trend was also seen in the Trem2+ cells as in the Lyve1+ population, in which MRL had a 

consistently higher population at all timepoints (Error! Reference source not found.c, d). 

The trends seen in macrophage subpopulations suggest that Trem2 expression may be vital 

in the immune systems injury response and that these cells may provide an essential role 

in promoting healing of the injured joint after trauma has occurred. 
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Figure 4.  14:Trem2 expression in synovium of MRL and B6. Immunohistochemical stain 
of Trem2 protein providing spatial expression of cells in the synovium. MRL (top) and B6 
(bottom) were stained concurrently with CD206 (red) and Trem2 (green) antibodies to 
indicate activated M2 macrophages that co-express Trem2 over the course of injury (D0, 
D7, and 4W post injury. Scale bar 100um, magnification 40X.  

Sustained Trem2highFclrs+ macrophage populations in MRL may aid in tissue resistance 

to PTOA 

Transcriptional trends in the Trem2 populations shown were also seen at the protein 

level through immunohistochemical analysis of synovial joints at different injury 

timepoints (Error! Reference source not found.). In uninjured joints of MRL, Trem2 

signal was stronger than in B6 (Error! Reference source not found., D0). Robust 

expression of CD206 (Mrc1) was seen throughout the synovium of the knee joint. In 

addition, CD206 expression was stronger at nearly all timepoints in MRL. At day 7, 

Trem2+CD206+ cells spiked in MRL joints as indicated by the yellow co-expression of 

Trem2 and CD206 (Error! Reference source not found.). This fluorescent signal was still 

present in the joints of B6 but at lower levels than the synovium of MRL.  

To further distinguish changes to these populations in response to injury, flow 

cytometry was conducted on uninjured (D0) and injured (D7) joints of MRL and B6. In 

this study, CD45+ CD11b+ F4/80+ cells were gated as the Mon-Mac population (Error! 

Reference source not found.a). This population was then analyzed for different 

combinations of CD206 and Trem2 expression (Error! Reference source not found.b-d). 

After injury, B6 had a higher percent of CD45+ CD11b+ F4/80+ myeloid cells than MRL. 

These cells were CD206-Trem2- and most likely represented of monocytes that had not yet 
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differentiated into macrophages (Error! Reference source not found.b). This 

corresponded with the single-cell data in Error! Reference source not found., in which 

B6 had more Ly6c+ cells in the synovial joint than MRL. In addition, the CD206+Trem2- 

population showed no significant difference between B6 and MRL at day 7(Error! 

Reference source not found.c), while the single-cell data indicated that there was a small 

difference in CD206+ cells on the order of a few percent. The CD206+Trem2+ population 

exhibited a blatant difference between injured joints of MRL and B6, indicating that MRL 

had a higher number of alternatively activated macrophages expressing Trem2 after injury 

than B6. (Error! Reference source not found.d) This data was consistent with the single-

cell analysis as well as the immunohistochemical analysis in Error! Reference source not 

found.in which MRL and B6 have comparable numbers prior to injury, but by 7 days after 

injury MRL showed significantly more activated (CD206+), Trem2+ expressing 

macrophages than B6 (Error! Reference source not found.d). While there was a 

significant reduction in population of CD206-Trem2+ macrophages at day 7, B6 synovial 

joints still had a significantly higher percentage of these cells post injury than MRL. This 

indicates that B6 mice have an additional Trem2+ population that are not an alternatively 

activated macrophage phenotype (Error! Reference source not found.d)  

 
Figure 4.  15:FACS analysis of Trem2+ macrophages in joints of MRL/MpJ and C57Bl6/J. 
Representative gating scheme for analysis of CD206+ Trem2+ macrophages using flow 
cytometry (A). Proportion of cells in B6 and MRL with macrophage expression profiles 
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of: CD206-Trem2- (B) CD206+Trem2- (C) CD206+Trem2+ (D) CD206-Trem2+ (E). 
n=5; ** p<0.01, ***p<0.001, ****p<0.0001 

Gene ontology indicates Trem2+ macrophages have strain specific functions after injury 

Enriched gene ontology terms were determined by analyzing significant genes 

expressed by the Trem2highFclrs+ subpopulation. These genes were determined using a 

pseudobulk analysis comparing D0 to each injury timepoint. Genes at day 7 post injury 

were selected from each strain with average expression values greater than 1.5-fold and a 

p-value < 0.05 (Table 4. 2, Table 4. 3). Both strains shared the top 10 enriched GO terms, 

but MRL had slightly higher enrichment scores than B6 (Error! Reference source not 

found.).  

 
Figure 4.  16:  Enriched Gene Ontology Terms Associated with Trem2+ Subpopulation. 
Top 10 GO terms from the Trem2highFclrs+ macrophage subpopulation. Significant genes 
upregulated at 7 days post injury (Table 4. 2 and Table 4. 3) in both MRL (orange) and B6 
(blue) were identified based on average expression >1.5 fold and p<0.05.  

To identify strain specific ontologies related to injury response, the top 100 GO 

terms were analyzed using Venny2.1 (Error! Reference source not found.). At day 7 post 

injury, the top ontology terms identified in B6 related to apoptotic signaling, leukocyte 

differentiation, production of TNFa and IFNy, as well as changes to cellular metabolism 

(Error! Reference source not found.). In contrast, highly enriched ontology terms in MRL 

were related to cellular senescence, immune cell activation, endocytosis and TLR-2 

signaling (Error! Reference source not found.). 
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Figure 4.  17:Strain Specific Enriched Gene Ontologies from Trem2+ cells. Top ontologies 
isolated to B6 (top, blue) or MRL (bottom, orange) Trem2highFclrs+ macrophage 
subpopulation post injury. GO terms are only present in each representative strain at day 7 
post injury identifying GO terms associated with strain specific injury response.  
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Table 4. 3:Significant genes expressed in Trem2highFclrs++ subpopulation of MRL and B6 
samples.  
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Trem2+ macrophages further cluster ino transcriptionally unique subpopulations 

When Trem2highFclrs+ macrophages were analyzed, five transcriptionally different 

clusters were identified as individual subpopulations(Error! Reference source not 

found.a, b). In addition, each cluster had a different response to injury throughout the 

timecourse (Error! Reference source not found.c). There was no strain specific trend 

when these populations were examined, although the s100a4high, Hmox1high, and 

Ms4a6bhigh subpopulations all had significant changes to their population at day 3 post 

injury. Both s100a4high and Ms4a6bhigh subpopulations peaked at day 3, while the 

Hmox1high subpopulation dropped to nearly 10% of its original population in both strains 

(Error! Reference source not found.c). Each Trem+ subpopulation had a separate 

response to injury based on population totals (Error! Reference source not found.) and 

molecular fucntion denoted by its transcriptomic profile (Error! Reference source not 

found.). When all Trem2+ cells including those not restricted to the Mono-Mac parent 

cluster were observed, there were specific expression patterns between subpopulations 

(Error! Reference source not found.). Genes strongly associated with each cluster were 

used to perform an ontology enrichment analysis through Enrichr. This analysis identified 

ontologies associated with specific functions of Trem2+ subpopulations. Cluster 0 

expressed genes associated with antigen presentation, cytokine signaling, and lymphocyte 

development. Cluster 1 genes were linked to integrin signaling and peptide response. 

Cluster 2 genes were specific to activation of the complement sysytem and fibroblast 

proliferation. Cluster 3 genes corresponded to neutrophil signaling pathways. Cluster 4 

genes were associated with osteoclast pathways and lipid metabolism (Error! Reference 

source not found.).  
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Figure 4.  18:Single-Cell Resolution of Trem2+ Subclusters Induced Over Injury. Merged 
UMAP showing Trem2highFclrs+ macrophage cluster further grouped into 5 individual 
sub-populations (A) Feature plot representing top genes associated with individual 
Trem2highFclrs+ macrophage subpopulations (B) Trem2highFclrs+ subpopulation 
expression over injury time course showing changes to cellular proportion at each 
timepoint (C) Merged UMAP of all Trem2 expressing cells in parent Mono-Mac cluster 
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(D) Feature plots of highly expressing cluster markers enriched in defined subpopulations 
(E).  

 

 

 
Figure 4.  19: Gene expression profile of Trem2 subpopulation. Heatmap of genes specific 
to each subpopulation identified in the Trem2highFcrls+ subpopulation. 

MRL and B6 chondrocytes express macrophage markers prior to and following injury 

While analyzing Trem2 expressson in the synovium of B6 and MRL, expression of 

Mrc1 and Trem2 was noted in the articular cartilage of the knee. To further elicidate this 

phenomenon, joint tissues were stained with Trem2 and Aggrecan (Acan) to identify 

potential colocalization of these transcipits in chondrocytes of the articular joint (Error! 

Reference source not found.). In uninjured samples, there was an unambiguous 

colocalization of these two markers in the intermediate layers of the articular cartilage in 
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in both strains In addition, Trem2 expression was also seen in the deep layers of the artcular 

cartilage and the growth plate of both MRL and B6, albeit MRL had a more robust 

expression profile in both locationsError! Reference source not found.e. Further research 

through Gene Expression Omnibus [132] identified a study in which chondrocytes were 

isolated from mice and treated with IL-1B to induce an in vitro inflammatory response to 

replicate an OA phenotype [221]. Re-analyzing the gene expression data from RNA 

sequencing conducted during this study confirmed cellular phenotype by expression of two 

chondorcyte markers, Acan and Col2a1, before and after IL-1B dosing (Error! Reference 

source not found.a, b). In addition, CD206 and Trem2 were also both identified in the gene 

expression data (Error! Reference source not found.c, d). After treatment, CD206 levels 

in chondrocytes decreased significantly from untreated counterparts (Error! Reference 

source not found.c). Comparatively, Trem2 levels increased nearly 3-fold when compared 

to untreated chondrocytes (Error! Reference source not found.d). This data confirms that 

both CD206 and Trem2 are expressed in chondrocytes and macrophages before and after 

an induced injury or arthritic environment.  
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Figure 4.  20: Highly prevalent macrophage markers expressed in articular chondrocytes. 
Expression of chondrocyte markers Aggrecan (A) and Collagen 2 (B) after induction of an 
OA phenotype in vitro using IL-1B. Chondrocytes also expressed CD206 at high levels 
before and after OA induction (C) Chondrocytes had a significant increase in Trem2 
expression after OA induction with IL-1B (D) IHC confirmation of Trem2 and Acan 
expression in MRL and B6 joints using immunohistochemistry to show regional and strain 
specific expression profiles in uninjured joints (E).  

Injured joints of Trem2 knockout mice have similar PTOA phenotype to B6 

Single-cell analysis of immune response to early PTOA onset highlights that 

Trem2+ macrophages are important in promotion of an anti-inflammatory joint phenotype 

and joint protection after injury. To determine if Trem2+ macrophages were responsible in 

deterring the severe PTOA phenotype, Trem2 knockout mice (Trem2-/-) were injured, and 

histological analysis was conducted to grade the severity of their joint phenotypes (Error! 

Reference source not found., Error! Reference source not found.). Right hindlimbs of 

Trem2-/-and B6 animals were collected for analysis at 4-weeks post-injury. Sections from 

each strain were stained using safranin-o and fast green (Error! Reference source not 

found.). Histological evaluation showed that Trem2-/- (Error! Reference source not 

found.-bottom left panel) have loss of proteoglycan staining (black crosses, red tissue) 

prior to injury. Furthermore, by 4-weeks post injury, both strains had a severe PTOA 

phenotype. Semi-quantitative OARSI scoring [193] to blindly grade the severity of PTOA 

phenotype indicated Trem2-/- had a significantly higher OA score, on average, prior to 

injury when compared to B6 (Error! Reference source not found.a). Assessment of 

PTOA severity at 4-weeks post injury showed no significant difference between OARSI 

scores of Trem2-/-and B6 joints (Error! Reference source not found.a). To identify 

additional changes in the bone between B6 and Trem2-/-, both strains were injured and 

hindlimbs were collected at 6-weeks post injury to perform 𝜇CT analysis as previously 

described [194, 195].  
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Figure 4.  21:Histological evaluation of Trem2 Knockout joints. Joints from Trem2-/- 
animals were compared to B6 at day 0 and 4-weeks post injury for PTOA phenotype by 
staining with Safranin-O and Fast Green. Scale bars = 0.5m, (500um), 10X magnification. 
Arrows indicate loss of proteoglycan staining. 

Examination of bone remodeling in Trem2-/- and B6 animals found that Trem2-/- 

joints had significantly less (~60%) ectopic bone formation than B6 joints at 6-weeks post 

injury (Error! Reference source not found.b). There was no significant difference 

between uninjured hindlimbs of Trem2-/- and B6, although injured B6 hindlimbs had 

significantly more subchondral bone than injured Trem2-/- hindlimbs (Error! Reference 

source not found.c). Furthermore, both strains showed significant loss in subchondral 

bone after injury compared to their uninjured counterparts. Overall, these parameters 

indicate that injury induces significantly more subchondral bone loss in Trem2-/- hindlimbs 

than B6, less ectopic bone formation at 6-weeks post injury, but no significant change in 

PTOA severity.  
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Figure 4.  22: Bone histomorphology parameters of B6 and Trem2-/-  post injury. OARSI 
scoring of PTOA phenotype of B6 and Trem2-/- joints at D0 (Uninjured) and 4-weeks post 
injury on a scale of least severe (0) to most severe (6) (A) uCT analysis indicating volume 
of osteophyte formation at 6-weeks post injury in B6 and Trem2-/- animals (B) Bone 
volume to total volume expressed as a ratio indicating changes to subchondral bone before 
and after injury in B6 and Trem2-/- animals (C). ns, not significant; *p<0.05, **p<0.01 
***p<0.001, **** p<0.0001. 

Discussion 

This study demonstrates the important modulatory role immune cells have in the 

prevention and onset of chronic joint degeneration. The use of single-cell RNA sequencing 

has expedited research of immune heterogeneity [91, 222] in many tissues including the 

synovial knee joint [118, 198, 223, 224]. Figures 3 and 4 demonstrate murine immune 

responses to a tibial compression induced injury model that mimics human injury and 

PTOA onset [168]. This non-surgical injury method allows unbiased examination of the 

immune response in joint tissues of PTOA-susceptible (C57Bl6/J) and PTOA-resistant 

(MRL/MpJ) strains. Specifically, immune cell interference from surgery or enzymatic OA 

induction is avoided. 

Previous studies have identified resident and infiltrating Myeloid-derived 

populations as culprits of a pro-inflammatory joint state after injury [168]. These cells are 

responsible for the production of proinflammatory cytokines and chemokines, such as IL-

1B, TNFa, IL-6, IL-10, IL-17, as well as many others from the CCL/CXCL family [179]. 
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Many of these molecular signals induce infiltration of innate (macrophages, neutrophils, 

NK) and adaptive (T, B) immune cells into the synovial joint, as shown in figure 3 and 4. 

These populations of immune cells, although present in both mouse strains, have distinctly 

different responses across early and late injury timepoints (Fig4).  Previous research of B6 

joints has shown that neutrophils, macrophages, and B cells play vital roles in the 

production of inflammatory cytokines, tissue repair, and protease expression, respectively 

[198], indicating their response to injury may be responsible for the pro-inflammatory state 

of the knee joint. As shown Error! Reference source not found., B6 have a decrease in 

Neutrophil populations and a corresponding increase in Macrophage and proliferating 

myeloid populations after injury. Changes to neutrophil and macrophage homeostatic 

levels is likely indicate a pro-inflammatory response and classical activation of resident 

monocytes that produces an influx of M1 macrophages. Upon activation infiltrating 

macrophages are responsible for production of pro-inflammatory cytokines (TNFa, IL-1B, 

IL-6) and growth factors (FGFs, BMPs) as previously shown [198], and aid in degradation 

of joint tissue as well as PTOA progression [58]. 

 MRLs showed a more extreme response to injury in neutrophil, 

macrophage, and proliferating myeloid cell populations (Error! Reference source not 

found.) indicating a higher recruitment of monocytic cells into the joints of MRL than B6. 

Subsequent analysis of these cells revealed MRL and B6 mice have differing responses to 

injury, indicated by a 6-fold increase of total Mono-Macs from baseline at day 3 post-injury 

and alterations to individual subpopulations of Mono-Macs identified in figure 5. This 

signifies a higher infiltration of monocytes into MRL joints after injury than B6.  

During tissue injury, circulating cytokines (e.g. IL-6, IL-10) drive monocytes and 

steady state macrophages towards a pro-inflammatory (M1) phenotype. When local 

stromal cells produce molecules known to reverse this polarization (e.g. IL-4), 

macrophages and monocytes are deactivated and begin “priming” towards a wound healing 

or anti-inflammatory (M2) macrophage state [225]. During this time, M2 macrophages are 

responsible for cleaning up tissue debris and apoptotic cells, while promoting healing by 

producing anti-inflammatory signaling molecules and growth factors [58]. Within the 
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parent Mono-Mac cluster, 9 transcriptionally distinct monocyte and macrophage 

subpopulations with pro- or anti-inflammatory profiles were represented in both strains 

after injury. Both MRL and B6 showed a distinct response to injury in these 

subpopulations, indicating the influx of monocytes and subsequent activation of these cells 

was potentially responsible for successive joint damage that occurs at later timepoints post-

injury. The largest changes in subpopulations occurred in the Ly6c+ Monocytes and 

Crip1highCav1+, Trem2highFcrls+, and Lyve1highFolr+ macrophage populations.  

Previous literature has determined that Ly6chigh monocytes are recruited to the 

joints in response to traumatic knee injury and act as pro-inflammatory effector cells in 

tissues with perturbed homeostasis [58]. This population is slightly attenuated in MRL 

joints after injury, as compared to B6, indicating there is a lack of pro-inflammatory 

signals, such as Reactive Oxygen Species (ROS), TNF-a, and IL-6, to further exacerbate 

inflammation in the joint and the progression of a severe PTOA phenotype.  

Environmental cues within the joint are responsible for activation of monocytes 

into terminally differentiated macrophages. These signals, like those affecting Ly6c+ 

monocytes, will polarize macrophages towards a classically activated, inflammatory M1 

phenotype or alternatively activated, healing M2 phenotype [59, 60]. Decades of research 

have alluded to a dichotomy of macrophage states; however, new research has revealed a 

spectrum of activation states that macrophages can develop into [226]. Error! Reference 

source not found., Error! Reference source not found., Error! Reference source not 

found.show multiple subpopulations of macrophages in MRL and B6 that transcriptionally 

align towards the M2 phenotype of the activation spectrum.  

Lyve1highFolr+ macrophages have been previously identified as an M2 macrophage 

population with a role in tissue repair in lung, heart, vasculature, and adipose tissues [227]. 

Lyve1+ macrophages, which have been shown to line the synovial membrane of the joint 

[196], are transcriptionally similar to tissue resident populations. Additionally, Lyve1+ 

macrophages are responsible for maintaining synovial lining integrity to prevent pro-

inflammatory immune cells from infiltrating the joint cavity and synovial fluid. The 

population of tissue resident macrophages is depleted in B6 during PTOA progression, as 
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demonstrated by a decrease in the Lyve1highFolr+ subpopulation at day 3 post-injury 

(Error! Reference source not found.). As shown in Error! Reference source not found., 

uninjured MRL joints have nearly double the population of Lyve1highFolr+ macrophages 

compared to B6. This indicates MRLs have a more prevalent population of tissue resident 

macrophages and potentially more robust synovial lining prior to injury. Previous groups 

have hypothesized that the presence of Lyve1 macrophages helps control fibrosis and limits 

the influx of inflammatory neutrophils, classically activated (M1) macrophages, and other 

antigen presenting cells into the synovial capsule [228]. Lyve1 macrophages are essential 

in forming a tight junction mediated protective barrier [58], helping to resolve 

inflammation, and inducing a reparative fibroblast phenotype in synovial, cardiac, and 

vascular tissue [196].  Single-cell RNA sequencing in Error! Reference source not 

found. substantiates that an increased baseline population of tissue resident macrophages 

in MRL may aid in keeping the synovial lining intact post-injury.  

In addition to Lyve1highFolr+ macrophages, uninjured joint tissue has additional 

populations of resident macrophages that line the synovial capsule and protect the integrity 

of synovial joints [190]. These joint resident macrophages are highly specialized cells 

responsible for antigen presentation, phagocytosis, and debris clearance from the joint, as 

well as modulation of ECM and synovial fluid production [187]. Crip1highCav1+ and 

Trem2highFcrls+ macrophages (Error! Reference source not found.) robustly express 

markers of alternatively activated macrophage populations, such as Cxcl2, Cxcl, IL-10, 

Ccr2, Mrc1, and Apoe (Error! Reference source not found.). In addition, both of these 

populations robustly express Trem2 (Triggering Receptor Expressed on Myeloid Cells 2) 

and have previously been identified as additional cells responsible for forming a protective 

barrier in B6 synovial joints [187, 198]. Trem2 macrophages are responsible for driving an 

anti-inflammatory tissue environment and promoting damage repair through alternative 

activation via stromal cell interaction [229, 230]. Both MRL and B6 show an increase in 

these Trem2 macrophage populations soon after injury. After injury, the synovial joint has 

an influx of immune cells, specifically Ly6c+ monocytes in the case of B6 joints. Cellular 

infiltration of monocyte populations results in an increase of classically activated 
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macrophages. These M1 macrophages contribute to pannus formation and inflamed 

synovial tissue [231] both of which are hallmarks of PTOA.  

Previous examination of Trem2 and its ligand, Apoe, indicates that both are 

expressed in the Lyve1highFolr+ and Trem2highFclrs+ macrophage populations [198] and 

contribute to the M2 phenotype. Trem2 is part of a large membrane complex that includes 

Dap12; a signaling adapter protein expressed in stromal and myeloid cells, that participate 

in the innate immune response. When activated, this complex inhibits pro-inflammatory 

signaling cascades [232] and interacts with several ligands (Error! Reference source not 

found.) to promote macrophage polarization towards alternative activation following, a 

shift from proinflammatory signaling to wound healing is seen in the tissue of interest. 

Analysis of close protein contacts to Trem2 were used to identify potential interactions of 

Trem2 expressing macrophages and other immune (Error! Reference source not 

found.b) or stromal (Error! Reference source not found.c) joint populations. Apoe is 

shown to be expressed in monocyte-derived  macrophage populations, while CD33, 

Tyrobp, and Syk have relatively high expression in neutrophils and dendritic cells (Error! 

Reference source not found.b) as well as some stromal cell populations as previously 

described [229, 230] (Error! Reference source not found.b). These transcripts are 

primarily involved in immune cell activation [233] and myeloid cell maturation [234]. In 

addition, expression of Clu in proliferating myeloid cells and stromal chondrocyte 

populations is crucial for promoting cellular survival and proliferation, as well as reducing 

inflammatory signaling [235]. 
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Figure 4.  23: STRING Interactome’s network of genes that interact directly with Trem2 
and are an integral part of the Trem2 membrane complex (A). Dot plot mapping expression 
of genes in network in other immune cell types including macrophages (B). Dot plot 
mapping expression of genes in network expressed in stromal cell populations including 
chondrocytes, (C). Dot size represents percent of cells expressing marker while color 
indicated average expression values.  

Starting at day 3 post-injury, MRL synovium sustains high levels of Trem2+ M2 

macrophages (Error! Reference source not found.-14). However, this Trem2+ 

populations in B6 begin to decrease towards baseline levels after day 7 post-injury, 

indicating a prolonged M1 macrophage response. Sustained levels indicate that this 

population of M2 macrophages in MRL are more capable of phagocytosis, debris 

clearance, and removal of apoptotic cells induced by the initial inflammatory response to 

injury. Moreover, B6 mice have an additional population of Trem2 expressing myeloid 

cells, CD206-Trem2+, not transcriptionally representative of an alternatively activated 

macrophage phenotype (Error! Reference source not found.a). While expressing 

myeloid lineage markers, these CD206-Trem2+ cells may be Trem2+ expressing 

macrophages that are classically activated, and contribute to joint inflammation [236, 237]. 

Previous studies have shown that Trem2+ M1  macrophages contribute to changes in 

stromal cell differentiation through WNT/b-catenin signaling, [238] and to lipid 

metabolism, as previously shown in several obesity studies and nervous system diseases 

[239].  

Gene ontology analysis (Error! Reference source not found.) of both strains 

showed that Trem2 expressing cells in B6 are enriched in ontologies related to calcium ion 

transport, TNFa regulation, and Interferon response. Published data suggests that 

inflammatory cytokines like TNFa and DAMPs, e.g. calcium containing crystals, initiate a 

Pattern Recognition Receptor (PRR) response in monocytes and macrophages. These 

PRRs are present in immune and synovial cells as well as chondrocytes and osteoblasts. 

As ECM fragments from proteolytic cleavage continue to be produced by apoptotic cells 

in the joint, dysregulation of intracellular (calcium binding proteins) and extracellular 

(collagens, PGs, GAGs) DAMP production occurs. Production of cytokines like TNF and 

IL-1B leads to a decrease in matrix protein production by chondrocytes like collagens ad 

aggrecan. Additionally increased TNF and IL-1B leads to an increase catabolic factors 
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[58], including MMPs, chemokines, and cytokines, that further exacerbate the 

inflammatory response in B6 and eventually lead to severe PTOA [240]. Furthermore, 

collagen and aggrecan biproducts from the catabolism of cartilage post-injury have been 

shown to stimulate inflammatory TLR signaling pathways [241] and promote joint 

degradation. 

MRL ontologies are enriched in TNF-a signaling pathways, antigen presenting cell 

differentiation, endocytosis, and TLR2 signaling. TLR signaling recognizes ECM-derived 

DAMPs like collagen and aggrecan [167]. These ontologies indicate that Trem2+ 

macrophages in MRL initiate additional innate immune signaling to manage TNFa 

production by other pro-inflammatory immune cells and promote macrophage polarization 

to the alternative pathway (Error! Reference source not found.). Additionally, this 

sustained population of Trem2+ macrophages may be responsible for tissue remodeling 

based on their projected interactions with other stromal cell population in Error! 

Reference source not found. and expression of MRC1 [166]. Trem2 macrophages regulate 

ECM turnover through collagen recognition, internalization, and degradation via MRC1 

[166, 242]. In addition, collagen 2 products have been shown to promote M2 polarization 

and several in vitro and in vivo studies have shown that treatment with soluble collagen 2 

promotes a pro-chondrogenic joint microenvironment by modulation of inflammation, 

TGF-b production, and decreased apoptosis [164, 243].  

While genetic depletion of Trem2 showed no significant changes to PTOA severity 

when compared to B6 joints (Error! Reference source not found., Error! Reference 

source not found.), scRNAseq data suggests that an increase of Trem2 expressing M2 

macrophages is essential in maintaining cartilage integrity and prohibiting prolonged 

inflammation after injury. In short, this sustained population of Trem2 expressing 

macrophages in MRL joints is essential for successful cartilage tissue remodeling, 

macrophage turnover, and joint protection during early injury response, preventing severe 

chronic PTOA. 
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Chapter 5.  Conclusion 
For decades, PTOA has been at the forefront of inflammatory joint disease research. 

Although preventative measures are still unavailable, new developments in the field have 

advanced our understanding of the joint microenvironment and helped begin development 

of potential new treatments. While PTOA is not an aggressive disease, its delayed 

progression and lack of sound detection makes its resolution an extremely important topic 

in the bone and cartilage field. Additionally, newly developed scientific technologies have 

given researchers insight to the joint as a whole tissue rather than individual parts. The joint 

microenvironment is constantly changing due to environmental cues and internal signaling. 

The work presented in this thesis exemplifies the use of new technological advances for 

identifying transcriptional changes at the single cell level. Moreover, it also deconstructs 

the synovial joint and reveals the cellular heterogeneity that exists within the tissue.  

A thorough analysis of the synovial knee joint was performed by using single-cell 

RNA sequencing to identify transcriptionally unique subpopulations of bone, cartilage, 

synovial, stromal, and immune cells within the joint. Initial hypotheses predicted that 

chondrocyte populations were inherently different between mouse strains with differing 

susceptibilities to PTOA. Chondrocyte populations from MRL and B6 mouse strains were 

relatively similar in transcriptional identity of their chondrocyte populations, although 

there were severe differences in the number of chondrocytes between different condition. 

Specifically, a stark decrease in chondrocytes was seen in MRL and may potentially imply 

that these mice have a difference in their cartilage matrix composition. While this 

hypothesis would also support that their lack of cartilage degradation after traumatic injury 

is due to a hardier matrix less prone to enzymatic digestion than B6, additional 

experimentation is necessary to determine protein composition of their ECM. In addition, 

a full protein analysis using mass spectrometry would provide novel insights into 

differences in collagens, proteoglycans, glycosaminoglycans and other potential cartilage 

proteins responsible for the resilient articular cartilage of MRL joints.  

While there were minor differences within the subpopulations of chondrocytes and 

some trends in response to injury, key mediators in PTOA progression are predicted to 
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stem from stromal cell populations as well as the immune system. Supporting joint cells, 

like endothelial cells and fibroblasts, have previously been studied in the context of 

inflammation through their interactions with myeloid populations [244, 245]. Additionally, 

the work demonstrated in this dissertation has shown that endothelial and fibroblast 

populations robustly change after injury, indicating they also play a role in joint 

maintenance in response to trauma. Specifically, MRL have an higher number of 

endothelial cells after injury compared to B6 and sustained level of lymphatic cells, 

indicating an increase of angiogenesis in the joints. The mostly likely mechanism is 

through interactions with the immune system to promote recruitment of macrophages into 

the synovial joint. Additionally, these cells may directly interact with chondrocytes by 

producing anti-apoptotic signaling molecules and growth factors to halt the severe tissue 

destruction that occurs in late stage PTOA. While endothelial cells seemed to form a 

distinct population in the single-cell data, further analysis may result in several 

subpopulations that could potentially be restricted to the joint tissues. An interesting 

approach to determining the true function of these cells would be to further explore the 

result of injury on genetically modified knockout animals. A lack of PECAM/CD31+ cells 

may be lethal as endothelial cells are essential in the formation of vasculature, but used in 

a targeted approach, may result in a tangible study to identify the role of endothelial cells 

in PTOA progression. 

Of the results collected, the most likely mechanism associated with joint 

regeneration and resistance to severe tissue degradation stems from the immune system. 

From first glance, the most severe change in cellular populations were from neutrophils. 

Shortly after injury induction, neutrophil populations in MRL joints dropped to fractions 

of their baseline levels. While neutrophils have been primarily identified as first responders 

to tissue trauma, they have also been shown to promote inflammation and cause additional 

tissue damage when left unregulated [246]. While further analysis is necessary to determine 

the direct role neutrophils have in PTOA progression, the stark difference between B6 and 

MRL is enough to hypothesize that the lack of this population in MRL may contribute to 

an anti-inflammatory joint environment essential for tissue healing. Furthermore, the 
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neutrophil population in both strains can be further analyzed into subpopulations that may 

each have a distinct metabolic functional. 

 In addition to the severe drop in neutrophil populations seen in MRL, there 

is also a large increase in macrophage populations and stark decrease in monocytes 

populations early after injury. When further identifying subpopulations of macrophages, 

MRLs have a higher number of all subpopulations that resembled an alternatively activated 

macrophage (M2). M2 macrophages are activated by the production of anti-inflammatory 

signaling molecules, specifically IL-4 and IL-10. In this study, three populations of 

macrophages were identified that transcriptionally represented an M2 phenotype. Two of 

the three populations were extremely high in expression of Trem2, a receptor complex 

located on the plasma membrane of macrophages, myeloid cells, and dendritic cells [247]. 

Trem2 is part of a large complex that includes Dap12; a signaling adapter protein expressed 

in stromal and myeloid cells. When activated, this complex inhibits pro-inflammatory 

signaling cascades [232] and thus promotes additional macrophage polarization. In 

contrast, Trem2 has been studied highly in neurological disorders and has previously been 

shown to have a proinflammatory effect on nervous system tissues. Moreover, Trem2 has 

been identified in microglial studies to elicit cell survival as well as a proinflammatory 

signaling response [248]. More recently, Trem2+ macrophages have been shown to help 

control metabolism through interactions with resident adipocytes [249]. 

While past research of this receptor has had conflicting results, this study identified 

a population of Trem2+ macrophages in the joints of MRLs that also highly express 

CD206, a known marker of activated M2 macrophages. The increase in M2 population is 

mirrored by a concurrent drop in Ly6c+ monocyte populations. This indicates that MRL 

have a decrease in monocytes due to a phenotypic switch to activated macrophage 

populations driven by surrounding cells. In addition, Trem2 and CD206 are both highly 

expressed in chondrocytes, indicating there is potential crosstalk between joint resident and 

infiltrating immune cells after injury. Additionally, using immunohistochemistry to 

spatially validate transcriptional trends showed that MRL joints have a sustained level of 
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CD206+Trem2+ macrophages. These sustained levels indicate that an influx of these cells 

after injury is crucial for joint recovery.  

In further analyzing the role of Trem2 this study utilized a knockout mouse model 

to completely remove Trem2 cells from the injury response. Prior to injury, Trem2-/- joints 

had a decrease in proteoglycan staining when compared to B6 controls. This indicates that 

Trem2 has a role in supporting the cartilage matrix and may be essential in ECM 

homeostasis. Additionally, after injury, Trem2-/- joints had no change from B6 in the 

severity of their PTOA phenotype, when blindly scored by OARSI standards. This 

phenotypic similarity indicates that simple removal of Trem2 may not actually exasperate 

the PTOA phenotype as originally thought. While additional experimentation is needed to 

determine the true function of Trem2 in the MRL joint, the current findings indicate that 

Trem2 may need to be overexpressed to alter the PTOA phenotype; a trend also seen in 

other bone research [250]. Additionally, while Trem2 may be a future target for cartilage 

and bone regeneration research, identifying the mechanism in MRL that prompts 

macrophage polarization after injury may be more of interest. This study shows that 

continued levels of M2 macrophages in MRL joints aid in promoting an anti-inflammatory 

joint microenvironment and promoting wound healing. 

The work presented in this dissertation has identified several key regulators of knee 

joints healing after traumatic injury induction. While identifying cellular populations with 

distinct role in PTOA progression is important in understanding the underlying mechanism 

of onset, additional translational research is necessary to move the field forward. Future 

research focusing on promoting an angiogenic, anti-inflammatory joint environment would 

aid in targeted pharmacologic interventions. Currently, this research adds value by fully 

illuminating specific interactions between chondrocytes within the articular cartilage, 

stromal cells supporting the joint and resident or infiltrating myeloid derived immune cells. 

While there is conflicting evidence suggesting Trem2 is an anti-inflammatory marker, the 

influx of M2 macrophages expressing this marker makes it an interesting new target for 

potential research. Future research should aim to better understand what molecular signals 
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that M2 macrophages receive within the joints space to keep this population sustained after 

injury.  

Additionally, this study only identified cellular populations in male mice. With the 

average age of the population in the United States aging rapidly, female counterparts are 

also at risk PTOA and OA. Past research has identified several histological differences in 

PTOA onset and progression between male and female mice [125, 126]. Additional 

research into the immune system and stromal populations of female mice should be 

analyzed to determine if there are sex related changes to the joint space after injury. While 

age is not a determining factor in PTOA, new information gained by analyzing the female 

response to injury in joint cell population may provide insight to potential targets to aid in 

the onset of Osteoporosis and osteopenia seen in aging women [251]. 

The findings of this research will continue to improve our understanding of the 

cellular response to injury and PTOA progression. While PTOA is still a complex disease 

that has been shown to encompass crosstalk from many cells, this research lays a 

foundation for identifying key regulators in disease progression and prevention. In 

summation, this work identified specific changes to chondrocytes over an injury time 

course. Additionally, specific subpopulations of chondrocytes were classified and found to 

reside in restricted locations within the cartilage tissue; a phenomenon previously identified 

histologically but not at the single cell level. Furthermore, this study identified a specific 

immune profile in a regenerative strain of mouse. Particularly, macrophage polarization 

was identified as a regulator of tissue damage and healing in the early stages of PTOA 

progression. While bone and cartilage research continues to provide challenges to 

researchers, the work performed here reduces the complexity of the joint by providing a 

cellular landscape of interacting populations responsible for maintenance and homeostasis 

in uninjured and PTOA joints, alike.  
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