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Abstract 
Post-traumatic osteoarthritis (ptOA) remains a common and debilitating musculoskeletal 

disease affecting a large population of patients. While initially it was believed that ptOA was 

purely caused by a biomechanical mismatch resulting in an accelerated wear and tear of the 

cartilage and surrounding tissue, in recent years studies derived from rheumatoid arthritis and 

subsequently osteoarthritis (OA) as a whole, without further distinction regarding the 

underlying cause (primary vs secondary), highlighted the role of an aberrant immune response 

as a contributing factor and furthermore implicated pro-inflammatory immune cells subsets of 

the innate and adaptive immune system as key players in the aetiology of OA. At the same 

time, studies revealed that although joint injuries increase the lifetime risk of ptOA not all 

injuries with similar biomechanical instabilities will go on to develop ptOA. In addition, 

restoration of biomechanics alone has been shown to be insufficient to prevent ptOA 

development. Thus, the concept of a critical role of the immune system has gained importance 

in the field ptOA research, however studies providing robust evidence supporting this concept 

have been missing. Therefore, the central scope of this thesis is to investigate the role of the 

immune system during onset and development of ptOA and thereafter to identify cellular key 

players that drive the immune response, and finally test if immunomodulation could be used to 

prevent ptOA from developing after joint injury.  

Therefore, this body of works starts with an exhaustive literature review regarding the role of 

monocytes and macrophages and how the “macrophage niche” theory provides explanations 

for the intricate crosstalk between macrophages and non-hematopoietic stroma cells and their 

perturbations following joint injury. Following the review of the literature, questions and aims 

were defined and a set of consecutive studies were designed and tailored to address those 

questions. New laboratory techniques were developed specifically for these studies and 

validated prior to their implementation. In an initial study, a variety of murine ptOA models 

injuring differing joint tissues both surgically and non-surgically were utilized and the innate 

and adaptive immune response characterized immediately after joint injury, during progression 

of ptOA and finally at the stage of established ptOA. In this study we were able to identify 

cellular key players of the innate and adaptive immune systems that were associated with the 

inflammatory immune reaction. In order to further decipher the role of the individual cellular 

players and their molecular pathways of activation, a study was conducted that modulated the 

IL12/23 pathway, which has immediate impact on pro-inflammatory T-helper cell subsets 

(Th1, Th17), prior to joint injury and development of ptOA. In addition, a second study was 
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conducted that used antibody mediated depletion of pro-inflammatory subsets of monocytes 

(Ly6Chigh monocytes) as well as drug mediated depletion of synovial tissue resident 

macrophages (STRM) to evaluate the individual role of these key components of the innate 

immune response in context with joint injury. While these studies were tailored to specifically 

address either the innate or adaptive immune response, we observed an immunomodulation 

going beyond the individual and targeted arm of the immune system in each study, which 

highlighted the possibility that an early immunomodulation that targets factors orchestrating 

the interplay between cellular key players of the immune system rather than the individual cell 

subsets themselves, may provide a new therapeutic approach. Therefore, we used an antibody 

mediated inhibition of CD40L as an early treatment to modulate macrophage activation and 

decrease promotion of the Th1 response.  

The key findings of this thesis are: What you injure (ACL vs meniscus) rather than how you 

injure it (surgery vs non-surgical) determines the temporal pattern and systemic involvement 

of both the innate and adaptive immune response and the structural ptOA progression and 

severity.  The IL12/23 pathway plays an important role in orchestrating the immune response 

following joint injury and during development of ptOA while promoting a production of IL17 

producing Th17 cells and thereby perpetuating the inflammatory response initiated by joint 

disease. Inhibition of IL12/23 in-vivo leads to a persistently decreased inflammatory response 

on a cellular level and the mitigation of histopathological changes associated with wild-type 

ptOA development. Depletion of Ly6Chigh monocytes leads to a persistent anti-inflammatory 

response both in blood originated macrophages as well as STRM. Importantly, depletion of 

STRM had the opposite effect on the immune response thereby supporting the theory of a joint 

protective function of STRMs. Finally, anti-CD40L treatment results in an anti-inflammatory 

polarization of not only migrating macrophages but also STRM while histologically a reduction 

of joint pathology was achieved.  

The role of the immune response in context with ptOA is highly complex and a plethora of 

intricate pathways are involved. Only by improving the understanding of the immune response 

and what perpetuates and drives the inflammatory reaction, can novel targets be identified that 

might serve as future disease-modifying osteoarthritis drugs (DMOAD). The results of this 

thesis provide a first step along the way in deciphering the role of innate and adaptive cellular 

key players, the underlying molecular pathways and a how to use this knowledge in identifying 

potential targets for treatment.  
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Chapter 1 
 
 
1  Introduction and literature review 
 

 

1.1  Structure of this thesis 
 

This thesis is presented in a “hybrid” format, where most chapters are consisting of either 

published papers or manuscripts that have been submitted or are in the final stage of being 

submitted. Some sections contain additional information and explanatory text to provide 

context and to highlight important aspects of each individual chapter with regarding to the 

entire thesis framework. The introduction section will provide a brief overview of the relevant 

literature stating the current knowledge regarding the relevance and pathogenesis of post-

traumatic osteoarthritis (ptOA), followed by an introduction of the role of the adaptive immune 

response in context with ptOA and finally a published literature review regarding the role of 

relevant myeloid cell subsets and their potential as therapeutic targets in treating ptOA. 

Thereafter, each chapter is a self-contained manuscript including a review of the respective 

relevant literature and methods used. Lastly, an overarching discussion was included to discuss 

the findings of each chapter in context with the overarching aim of this thesis and to summarize 

the combined findings of the program of research. 

 

 

1.2   Background 
 

1.2.1  Osteoarthritis 
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Osteoarthritis (OA) is a common degenerative musculoskeletal (MSK) disease affecting 

synovial joints in a large population of patients (Chen, D. et al. 2017). Initially OA was believed 

to be purely caused by “wear and tear” of the cartilage and surrounding tissue, and only during 

the last decades has a paradigm shift occurred introducing a multifactorial aetiology including 

traumatic, hereditary and patient related factors (e.g. age and obesity) (Loeser, R. F. et al. 

2012). Despite considerable research advances, to date effective early treatment modalities are 

missing due at least in part, to an incomplete understanding of the cellular and molecular 

mechanisms involved in the onset and development of OA. This chapter will provide a brief 

overview of the prevalence, aetiology, and pathology of OA and thereafter will introduce 

current concepts with regard to the role of the adaptive and innate immune system.  

 

1.2.1.1 Prevalence of Osteoarthritis 
 

The majority of studies investigating the prevalence of OA only investigate clinical cases of 

established OA, and thus information regarding underlying etiology or disease-phenotype (e.g. 

genetic, metabolic, post-traumatic) is missing. In addition, most studies report only cases where 

OA was diagnosed based on radiographic imaging alone and studies investigating the 

prevalence of OA defined through joint pain are scarce (Pereira, D. et al. 2011). Taken together 

this highlights the difficulty in assessing the true prevalence of OA due to heterogeneity in 

reporting and disease definition. Therefore, while the focus of this thesis is post-traumatic 

(pt)OA, the general term OA is used when no distinction was made between phenotypes in the 

cited studies. OA is one of the most common MSK diseases (Loeser, R. F. et al. 2012; Swain, 

S. et al. 2020) affecting more than 25% of the population of over 18 years-old (Chen, D. et al. 

2017) and is only surpassed by the prevalence of lower back pain which is estimated to be 9.4% 

in the global population (March, Lyn et al. 2014). Interestingly, while the age-standardized 

incidence rate of lower back pain decreased between 1990 and 2017 it showed a steady increase 

for OA during the same time, thereby highlighting the future need for affective treatment 

modalities (Ziyi, Jin et al. 2020). While OA can affect all synovial joints, 80% of its disease 

burden derives from disease of the knee (KOA) (Cui, Aiyong et al. 2020; Wallace, Ian J. et al. 

2017). Although age remains a common risk factor for the development of OA (Chen, D. et al. 

2017) it has been shown that the prevalence for KOA peaks around the age of 50 years 

(Ackerman, Ilana N. et al. 2017) indicating the clinical importance of this disease in a younger 

population of patients. Epidemiological studies have provided evidence regarding a rising 
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prevalence of OA in younger patients and it is expected that the number of  patients with OA 

younger than 55 years will increase by 20% in Australia alone over the next 15 years 

(Ackerman, Ilana N et al. 2016). OA affects patients on a personal level and symptoms vary 

from moderate pain to severe disability; in particular 80% of patients with OA are limited to a 

certain extent and 25% of patients are unable to carry out activities of daily life (Blaker, C. L. 

et al. 2016). On a socioeconomic level, OA was shown to cost the Australian health system an 

estimated $3.5 billion annually, accounting for 28% of the disease expenditure in MSK 

diseases and 3% of total disease expenditure (AIHW 2020). Further adding to the enormous 

socioeconomic costs of OA are work-related costs which are expected to increase to $9.4 

billion dollar annually in Australia by the year 2030 (Ackerman, Ilana N. et al. 2017). Taken 

together this evidence highlights the impact of OA on an individual and socioeconomic level, 

which will be worsened by the increase in prevalence in younger patient populations that is 

predicted to occur in the coming decades.  

 

1.2.1.2 Aetiology of Osteoarthritis 
 

“Primary” OA is defined as cartilage and joint degeneration without any known cause, while 

the term “secondary” OA is used when disease occurs due to a recognized or identifiable trigger 

(Hsu, H. et al. 2022). The most important risk factors include age, sex, obesity, misalignment 

of the joint surfaces, altered biomechanics, metabolic diseases and joint trauma/ sports injuries 

(Mobasheri, Ali et al. 2016). In particular post-traumatic (pt)OA occurs after a joint injury and 

accounts for at least 12 % of all OA and up to 25% of OA in susceptible joints such as the knee 

(Little, C. B. et al. 2013; Riordan, E. A. et al. 2014). It is known that joint injury increases the 

lifetime risk of ptOA by more than five times (Muthuri, S. G. et al. 2011). Furthermore, 10-20 

years after injuries to the anterior cruciate ligament (ACL) or menisci around 50% of affected 

patients develop ptOA which has been termed “the young patient with an old knee” by 

Lohmander et al in 2007 (Lohmander, L. Stefan et al. 2007).  In recent years, research centering 

around mitigating the effect of joint injury on the development of ptOA has been conducted 

and patients at risk were identified. In addition, person-centered interventions to promote self-

management and exercise to reduce known risk factors have been promoted to mitigate this 

lifetime risk (Jackie, L. Whittaker et al. 2022). Although fundamental differences in the 

aetiology of OA (primary vs secondary) have been well defined, it is also known that, for 

example, not all injuries with apparently similar instability will go on to develop ptOA. 
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Therefore, a new paradigm was born that conceptualizes OA as phenotypic subsets related to 

a primary abnormality (Sun, Bob H. et al. 2007). In ptOA, injuries to the joint are varied in 

severity and tissues affected, and can include fractures, tearing of the supporting soft tissues 

(ligaments, menisci) causing significant joint instability, and bruising and inflammation of the 

synovium and capsule (Blaker, C. L. et al. 2016), and defining what factors drive the long-term 

ptOA-risk in individuals remains challenging.  

 

1.2.1.3 Phenotypes of Osteoarthritis and their Pathology 
 

Progressive cartilage loss, subchondral bone thickening, osteophyte formation and joint space 

narrowing characterize all forms of OA. However, the new concept regarding individual 

phenotypes of OA opened up the opportunity for a more targeted investigation into disease 

pathophysiology and the potential treatments (Sun, Bob H. et al. 2007).  

A recent study furthered the understanding of OA phenotypes by defining clinical phenotypes 

of OA, such as ‘Chronic Pain Phenotype’, ‘Inflammatory Phenotype’. ‘Mechanical Overload 

Phenotype’, and ‘Minimal Joint Disease Phenotype’ (Dell’Isola, A. et al. 2016; Mobasheri, A. 

et al. 2019). Subsequently the concept of “OA molecular endotypes” was developed: endotype 

means a specific molecular pathway that explains the observable properties of a phenotype, 

such as elevated pro-inflammatory cytokines, chemokines, MMPs, and cathepsins that are 

contributing towards the development of the clinical phenotype (Mobasheri, A. et al. 2019). 

Combining this knowledge, the authors proposed diverse pathophysiological OA phenotypes 

and their subsets: 1) Age-related and systemic phenotypes 2) Extra-articular phenotypes 3) 

Intra-articular phenotypes 4) Secondary phenotypes (Mobasheri, A. et al. 2019). While based 

on a review of the literature and thus missing much mechanistic and causative evidence, this 

proposal introduced an intriguing concept highlighting the complexity of OA and emphasizing 

the importance of molecular pathways and their contribution to each phenotype. To further 

complicate this new paradigm subsequent studies found different structural phenotypes 

restricted to KOA (Roemer, Frank W. et al. 2023), different pain phenotypes in KOA 

(Kittelson, Andrew J. et al. 2021) and finally genetic phenotypes of OA (Aubourg, G. et al. 

2022).  

To date, ptOA has been grouped under the secondary OA phenotypes, and whether ptOA itself 

is a completely independent phenotype is still under debate (Watt, Fiona E. 2021). Some 

authors argue that there are potentially unique features in ptOA, depending of the specific 
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injury, including mechanical instability, acute hemorrhage into the joint and/or joint tissues, 

tissue injury and wound-healing responses (inflammation, fibrosis), and acute structural 

changes in the cartilage, soft tissue and subchondral bone (Robinson, W. H. et al. 2016). On 

the other hand, the clinical endpoint of primary OA and ptOA looks similar, the structural 

appearances look the same and the molecular changes within the joint are similar during the 

developing disease (Watt, Fiona E. 2021). Therefore, the possibility remains that a person with 

ptOA has simply brought forward the OA that they would have developed eventually (Watt, 

Fiona E. 2021).  

Be that as it may, the clinically significant joint injury initiating ptOA development, provides 

the opportunity for prevention and outcome modification, and thus a better understanding of 

the pathomechanisms following joint injury is needed. In particular, as differing clinically 

relevant joint injuries lead to differences in ptOA development and not all injuries with 

apparently similar instability will go on to develop ptOA, it is likely that phenotypes of ptOA 

itself exist driven by different joint injuries. Growing evidence implicates a significant role of 

inflammation in the pathogenesis of ptOA regardless of injury (Mathiessen, A. et al. 2017). In 

particular synovitis and the overproduction of cytokines and growth factors can influence the 

production of degradative enzymes that lead to structural damage and the clinical syndrome of 

ptOA (Scanzello, C. R. 2017).  However, if other phenotype specific differences within ptOA 

on a cellular or endotype level exist is unknown and the subject of this thesis.  

 

1.2.1.4 Available Treatment Modalities for Osteoarthritis 
 

Current treatments of ptOA and OA can be stratified into non-pharmacological management, 

pharmacologic management and surgical modalities (Nelson, Amanda E. et al. 2014). Non-

pharmacological management includes education and self-management, as well as exercise and 

weight loss. Weight loss, in particular, has been shown to be effective in relieving ptOA/OA 

symptoms as well as improving the quality of life (Bliddal, H. et al. 2014). Ultimately, patients 

may choose to treat advanced stages of OA via surgical joint replacement or fusion of the 

effected joints. Despite the overall success of this surgical procedure an inherent risk associated 

with anaesthesia and the surgical procedure itself remains. Furthermore 10-34% of patients 

after total knee replacement (Ditton, Elizabeth et al. 2020) and 7-23% of patients after total hip 

replacement (Judge, Andy et al. 2010) show limited clinical improvement.  

Clinical data from Chua et al. have highlighted the ongoing and unaltered need for effective, 
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preventative and disease modifying drugs in the treatment of OA (DMOAD), by showing a 

similar initial disease burden in patients suffering from rheumatoid arthritis (RA) or OA, 

whereas after 6 months of treatment the disease burden in OA patients was significantly higher 

(Chua, J. R. et al. 2019) due to a lack of effective treatment options. Established treatment 

modalities such as non-steroidal-anti-inflammatory-drugs (NSAIDs), corticosteroid injections 

and opioids, alleviate pain and are standard in many guidelines (Kloppenburg, M. et al. 2020). 

However, due to the chronic nature of OA long-term use of these agents is necessary, increasing 

the risk of side effects and co-morbidities, thus limiting their utility over time.  

Novel treatment modalities include biologicals, such as monoclonal antibodies blocking 

specific pathways and factors. To date, no DMOAD has been approved by any of the regulatory 

bodies as the approval guide requires a potential DMOAD to demonstrate a slowed disease 

progression and improved clinical symptoms (Oo, W. M. et al. 2021). Nevertheless, a variety 

of phase 2/3 clinical trials are ongoing as part of active drug development pipelines. Potential 

novel DMOADs that are targeting synovial inflammation currently in phase 2/3 include 

inhibitors of IL-1, IL-1ß, and TNF-α (Oo, W. M. et al. 2021). Diacerein (targeting IL-1ß) 

showed low efficacy similar to an NSAID, while trials using inhibitors of IL-1 and TNF-α 

failed as they did not possess symptomatic benefits irrespective of the joint or the inflammatory 

OA phenotype (Oo, W. M. et al. 2021). The failure of these biologicals was attributed to a more 

complicated interaction amongst various cytokines in the pathogenesis of OA (Oo, W. M. et 

al. 2021). Further mixed results were reported in a recent systemic review and the authors 

concluded that studies investigating treatment strategies specifically addressing a more 

nuanced concept of inflammation with specific anti-inflammatory treatments are warranted 

(Kloppenburg, M. et al. 2020).  

In addition, despite the advances in understanding the influence of the role of inflammation in 

the pathogenesis of OA, evidence regarding specific pathophysiological pathways in ptOA and 

if these differ from non-OA-inducing joint injury is scarce. Furthermore, it is paramount to 

analyze which pathological changes are associated with the injury itself and which pathological 

changes result in ptOA development. Taken together this evidence indicates that a more 

nuanced anti-inflammatory approach is most likely needed that accounts for the complex 

interplay between cytokines during ptOA development. 
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1.3 Current Concepts Regarding the Role of the Immune 

Response during Development of Osteoarthritis 
 

 

1.3.1   Phases of Joint Injury and the Transition into 

Posttraumatic Osteoarthritis 
Joint injury leads to a distinct mechanobiological response that is characterized by three 

temporally separated phases. The immediate phase is characterized by the mechanical effects 

on a molecular, microscopic and macroscopic level deriving from the underlying injury 

(Anderson, D. D. et al. 2011; Punzi, L. et al. 2016). Here, within seconds, collagen disruption, 

cartilage swelling, and hemarthrosis is happening which initializes the second phase: the acute 

inflammatory phase (Lieberthal, J. et al. 2015). This phase is characterized by acute cell death 

and a distinct inflammatory response involving both cellular and molecular reactions from the 

innate and adaptive immune system (Higuchi, H et al. 2006; Irie, Kazunori et al. 2003; 

Kandahari, A. M. et al. 2015; Struglics, André et al. 2015) and lasts between hours and days. 

The final phase in physiological cases is the spontaneous resolution and return to normal joint 

biology. These phases have been well established both in animal models as well as in clinical 

cases. In contrast, the underlying reasons why joint injury leads to ptOA is still under 

investigation.  

Recent studies (Kandahari, A. M. et al. 2015; Lieberthal, J. et al. 2015; Punzi, L. et al. 2016) 

utilizing pre-clinical data postulated that the acute inflammatory response acts as a “fork in the 

road” with respect to the development of ptOA. Although it has been well established the 

inflammatory response is a crucial part of the wound healing cascade (Maruyama, Masahiro et 

al. 2020) a timely resolution of inflammation might prevent the onset of ptOA while a 

perpetuation of inflammation may contribute towards the risk of disease development 

(Lieberthal, J. et al. 2015; Lotz, M. K. et al. 2010). Possible reasons for an ongoing 

inflammatory reaction include a continuously disrupted equilibrium of pro- and anti-

inflammatory factors (Anderson, D. D. et al. 2011) or inadequate post-injury inflammation 

control (Lieberthal, J. et al. 2015). In addition, biomechanical factors, such as ongoing 

instability and recurring joint injury (Lotz, M. K. et al. 2010), resulting in a continuous 

activation of the post-injury mechanobiological response may ultimately contribute towards an 

inflammatory vicious circle. The chronic and final phase of the ptOA response is defined by a 
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persistent low-level synovitis (Jackson, M. T. et al. 2014) and continuous remodeling processes 

that ultimately lead to progressive destruction of the joint surface (Chen, L. et al. 2020). Studies 

(Lotz, M. K. et al. 2010) identified the acute inflammatory response as a potential target for 

DMOADs, therefore it is important to understand what initiates the inflammatory reaction and 

which cellular and molecular key factors are involved.  

 

1.3.2  The Immune System and its Key Players for 

Inflammation and its Resolution  
 

The immune system is a highly complex and specialised defence mechanism that protects the 

body against a variety of threats, such as microbes, injuries or malignancies (Woodell-May, 

Jennifer E. et al. 2020) and it consists of two major factions, the innate and adaptive immunity. 

Immediately after injury macrophages and neutrophils from the innate immune system (non-

antigen-specific responses) are activated via signals such as damage-associated molecular 

patterns (DAMPs), inflammatory cytokines or complement factors  (Woodell-May, Jennifer E. 

et al. 2020). Besides complementing the phagocyte compartment, macrophages also serve 

inflammatory functions when activated. Activation and polarization of macrophages was 

initially thought to be dichotomous with a classically activated and pro-inflammatory state 

(M1) and an alternatively activated anti-inflammatory state (M2) (Gordon, S. et al. 2010; Sica, 

A. et al. 2012). Since then polarization of macrophages has been intensively studied and 

emerging evidence suggested further intricacies in this oversimplified classification system 

(Martinez, F. O. et al. 2014) by introducing several intermediated stages of polarization 

suggesting that there is a complex spectrum of activation and the M1 and M2 stage represent 

the extreme poles in such a spectrum (Haubruck, Patrick et al. 2021; Hume, D. A. 2015; 

Murray, P. J. 2017). The adaptive immune system consists of T lymphocytes (T cells), B 

lymphocytes (B cells), and antibodies (antigen-specific or acquired response). Depending on 

their designated function T-cells can be further divided into T-helper (Th) cells (CD4+) and 

cytotoxic T-cells (CD8+): Th-cells contribute towards guidance and orchestration of the 

immune response while cytotoxic T-cells are responsible for eliminating the targeted cells 

(Woodell-May, Jennifer E. et al. 2020). Subsets of the Th-cell system can be categorized as 

pro-inflammatory (Th1, Th17) and anti-inflammatory (Th2, Treg) (Li, Y. S. et al. 2017). 

Postulated roles for the pro- and anti-inflammatory immune cell subsets during the onset and 

development of ptOA are further discussed in Chapter 1.3.3 and Chapter 1.3.5. 
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1.3.3  The Role of the Adaptive Immune Response 
 

T-cells are the main cell type of the adaptive immune system and their migration to peripheral 

tissues is tightly regulated via a widely accepted homing mechanism that is orchestrated by a 

variety of chemokines and chemoattractants (Buckley, C. D. 2003; Burman, A. et al. 2005). To 

date, the majority of data that has analyzed the T-helper cell profile and polarization derives 

from late-stage OA samples (Dolganiuc, A. et al. 1999; Haynes, M. K. et al. 2002), thus little 

is known about the mechanisms that contribute towards polarization of CD4+ T-helper cells 

acutely after their migration into the joint in OA. In rheumatoid arthritis (RA) a pro-

inflammatory polarization is attributed to an interaction between T-cells and synovial dendritic 

cells via specific chemokines (CXCL12) (Tran, C. N. et al. 2005) and secretion of soluble 

cytokines (Hussein, M. R. et al. 2008) (IL-12, IL-23, IL-27, IL-1, IL-6 and TNF-a) (Tran, C. 

N. et al. 2005). Furthermore, direct stimulation of T-cells by monocytes using a functional 

autoantigen-bound MHC II complex was postulated for RA (Tran, C. N. et al. 2005; Tsark, E. 

C. et al. 2002; Wagner, U. et al. 2004). Whether the same pathomechanisms result in activation 

and polarization of T-cells in OA remains unknown. Compelling evidence exists regarding the 

presence of relevant T-helper cell subsets in OA joints and thus their potential involvement in 

disease pathogenesis. Overall a predominantly pro-inflammatory T-helper cell polarization 

was found in the synovial compartment, with increased numbers of pro-inflammatory Th1 

(Ishii, H. et al. 2002; Li, Y. S. et al. 2017; Yamada, H. et al. 2011), Th17 (Faust, Heather J. et 

al. 2020; Li, Y. S. et al. 2017; Zhang, L. et al. 2012) and Th9 (Li, Y. S. et al. 2017; Qi, C. et al. 

2016), and decreased numbers of anti-inflammatory Th2 (Haynes, M. K. et al. 2002; Li, Y. S. 

et al. 2017) and Tregs (Guo, S. Y. et al. 2015; Li, Y. S. et al. 2017) T-cell subsets. However, 

as most studies were of a descriptive nature in established OA, the individual role and/or 

contribution of each cell type to ptOA pathophysiology remains poorly understood.  

 

1.3.4  Literature Review  
 

A comprehensive literature review was carried out regarding the role of monocytes, 

macrophages, and their subsets in the development of ptOA. In addition, this review explored 

a potential therapeutic application for modulating individual subsets and pathways and pointed 

out existing gaps in knowledge and resulting research questions that need to be addressed.  
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1.3.5  Published Literature Review on the Role of Monocyte 

and Macrophages in Post-Traumatic Osteoarthritis 
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1.4  Gaps in Knowledge 
 

Despite considerable research efforts persisting gaps in knowledge exist regarding the 

contribution of the immune response towards pathogenesis of ptOA. Importantly, these gaps 

can be divided into cellular and molecular factors that: 1) drive inflammation post joint injury 

and during onset and development of ptOA; and 2) and of these, those might serve as promising 

targets for early immunomodulatory treatment options, capable of preventing or mitigating 

ptOA development. Important questions that have been identified and are not fully understood 

include: 

 

1) Does the type of joint injury affect the resulting cellular inflammatory response or do 

phenotype specific differences in the inflammatory pattern exist? 

 

2) Does in-vivo modulation of pro-inflammatory T-helper cell subsets in the peri-joint-

injury period result in mitigated pathology or prevent ptOA from developing? 

 

3) Does in-vivo modulation of pro-inflammatory myeloid cell subsets in the peri-joint-

injury period result in mitigated pathology or prevent ptOA from developing? 

 

4) Can molecular pathways/factors that impact crosstalk between the innate and adaptive 

immune response be used to reduce inflammation post joint injury and protect from 

developing ptOA? 

 

This thesis uses a series of consecutive studies each including a variety of experiments designed 

to answer the above-mentioned research questions.  Furthermore, studies were designed to not 

only provide answers on a cellular level but also provide explanations on a molecular level and 

to identify important pathways that might be implicated in immune activation and the 

pathogenesis of ptOA.   

 

1.4.1  Thesis Aim 
 

To address each research question, I have developed a set of specific aims and linked 

objectives: 
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1. Aim: To characterize the cellular inflammatory response in context with different 

phenotypes of ptOA using mouse models. 

a. Objectives: 

i. Analyse the T-cell response during ptOA development in immunological 

regions of interest and identify relevant subsets (e.g. Th1, Th2, Th17, Treg). 

ii. Analyse the monocyte/macrophage response during ptOA development in 

immunological regions of interest and identify relevant subsets (e.g. M1, 

M2). 

iii. Compare the immune innate and adaptive immune response between 

different murine ptOA models to assess if phenotype-specific differences 

occur.  

 

2. Aim: To investigate the individual impact of CD4+ T-helper cell subsets on the 

development of ptOA in one of the phenotypes from aim 1 and their mechanisms of 

activation. 

a. Objectives 

i. Evaluate the impact of a targeted depletion/inhibition of various T-helper 

cell subsets on the progression of ptOA and its cellular inflammatory 

response. 

ii. Compare the influence of individual joint tissues from naïve and 

osteoarthritic animals on the polarization of T-helper cells with/without 

specific pathway blockade. 

 

3. Aim: To investigate the individual impact of different monocyte/macrophage subsets on 

ptOA pathogenesis in one of the phenotypes from aim 1 and evaluate their mechanisms of 

activation 

a. Objectives 

i. Evaluate the impact of depletion of various monocyte/macrophage subsets 

on the progression of ptOA and its cellular inflammatory response. 

ii. Characterise contributing factors on a genome wide expression level and 

define pathways of interest that influence the development of ptOA.  
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4. Aim: To investigate the therapeutic potential of an early inhibition of factors orchestrating 

the interplay between innate and adaptive inflammation post joint injury in one of the 

phenotypes from aim 1. 

a. Objective 

i. To test the influence on cellular, molecular, and histopathological outcome 

parameters of ptOA after inhibition of CD40L early post joint injury.  
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Chapter 2 
 
 
2  Methodology 
 

 

2.1 Development of a Consecutive Set of Studies 

Investigating Individual Aspects of the Role of the Immune 

Response in ptOA 
 

In this thesis I developed a consecutive set of studies specifically designed to address each aim. 

To comprehensively study the cellular immune response associated with the onset and 

development of ptOA, flow cytometry was chosen as a powerful tool that allows simultaneous 

evaluation of a plethora of immune cell subsets. As no routinely used panel/protocol was 

available, I designed and established a designated multicolour antibody panel for use with 

ptOA mouse models and tissues. Furthermore, in order to facilitate scoring of histopathological 

changes associated with ptOA while maintaining reliable scores and comparability, an existing 

scoring technique was streamlined utilizing a statistics approach. Thereafter, the immune 

response was characterized on a cellular level implementing the developed techniques on a 

variety of murine ptOA models, both surgical and non-surgical, to compare immune response 

pattern between ptOA phenotypes. Cellular key players were identified and in subsequent 

studies inhibited/depleted to investigate the effect on the pathogenesis of ptOA. Finally, an 

orchestrating factor playing a crucial role interlinking the adaptive and innate immune response 

was identified and inhibited post injury to investigate the potential for an early preventative or 

mitigating treatment.   
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Figure 2.1: Flowchart of studies included in this thesis.  
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2.2 Utilization of Established and Novel Laboratory 

Techniques  
 

2.2.1  Established Laboratory Techniques 
 
A variety of established laboratory techniques have been included in this thesis. For each study 

the relevant techniques are described in the respective methods section and when needed a 

more detailed description was added as a supplementary method. In order to avoid duplication, 

established techniques are not described in this methodology section. All studies in this thesis 

investigated ptOA. This type of secondary OA was chosen as it provides the opportunity to 

study the development of OA from the underlying injury towards advanced stages of joint 

destruction in a comparably short time and offers a clear window for therapeutic intervention.  

All experiments conducted in this thesis were approved by the Northern Sydney Local Health 

District Animal Ethics Committee. For all experiments 10-12-week-old, male C57BL/6 mice 

were utilized, and mice were housed and cared for in accordance with the Guide for the Care 

and Use of Laboratory Animals (National Health and Medical Research Council of Australia 

Revised 2010).   

 

2.2.2  Animal Models used in this Thesis 
 
In ptOA research animal models initiating ptOA development using a defined joint injury 

remain the gold standard as they allow the investigation of the cellular response together with 

the changed biomechanics that are characteristic for the disease (Blaker, C. L. et al. 2016). The 

most commonly used and established animal models are in the mouse, because this species 

provides a variety of advantages when investigating ptOA (Blaker, C. L. et al. 2017). In order 

to analyze if different injuries result in a differing inflammatory response and to evaluate its 

subsequent contribution to ptOA a reliable comparison of results from different ptOA models 

is crucial. In the mouse in particular, surgical and non-surgical OA models have been described 

(Blaker, C. L. et al. 2017): the most common remain the model utilizing a destabilization of the 

medial meniscus (DMM), transection of the anterior cruciate ligament model (ACLT), and non-

surgical ACL rupture (ACLR) models, respectively (Lorenz, J. et al. 2014). These animal 

models are well suited for the investigation into the role of cellular inflammation during onset 
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and development of ptOA and therefore in this thesis all three animal models as well as their 

respective controls and naïve mice are used to allow for a comprehensive analysis of the 

inflammatory response.  

 

DMM model of OA: One of the most established murine ptOA models uses surgical 

destabilization of the medial meniscus. The DMM model was established by Glasson et al 

(Glasson, S. S. et al. 2007) and showed reliable results regarding progressive cartilage erosion, 

osteophyte development and subchondral bone sclerosis not apparent in sham-operated 

animals. This model has been frequently used to demonstrate the role of specific proteins in 

ptOA pathogenesis. In particular, in a study by Jackson et al. (Jackson, M. T. et al. 2014) the 

DMM model was successfully used to show that deletion of protease-activated receptor 2 but 

not 1 resulted in a significant decrease in DMM induced cartilage damage in association with 

altered acute synovial inflammatory cell influx.  

 

ACLT model of OA: The anterior cruciate ligament (ACL) is one of the most commonly injured 

structures in the knee, and more than 50% of patients sustaining an ACL rupture subsequently 

develop ptOA (Lohmander, L. S. et al. 2007). Multiple animal models inducing ptOA by 

surgical transection of the ACL (ACLT) have been introduced, with the murine model proven 

as a reliable and effective in inducing ptOA (Kamekura, S. et al. 2005; Little, C. B. et al. 2012). 

Kamekura et al. utilized this model to successfully study the cellular and molecular changes in 

the development of ptOA (Kamekura, S. et al. 2005).  

 

Non-surgical anterior cruciate ligament (ACL) rupture model of OA: Besides surgical 

transection, the ACL can also be injured in mice non-surgically (Christiansen, B. A. et al. 2012) 

providing a reproducible ptOA model without the confounding issue of the initial operative 

trauma. A single compressive load is applied to the flexed knee resulting in posterior 

subluxation of the femur and ACL rupture without additional macroscopic damage to other 

structures within the joint (Blaker, C. L. et al. 2016). This model has the advantage of evaluating 

the immune response and inflammation in ptOA without the confounder of the initial incision 

and its associated inflammatory wound response (Blaker, C. L. et al. 2016). 

 

In addition to these murine ptOA models appropriate controls are crucial when investigating 

the role of the immune system during ptOA development to account for potentially 

confounding factors. Therefore, surgical arthrotomy without any injury to the ACL or meniscus 
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(SHAM) was used to determine the effect of surgery alone and to control for DMM and ACLT 

mice. In addition, animals receiving mechanical ACL strain (ACLS) induced by a single 

compressive load to 75% of that required to rupture the ACL that does not induce progressive 

OA joint pathology (Blaker, C. L. et al. 2016), was used to control for effects of compressive 

joint loading in the ACLR group. Finally naïve non-operated control (NOC) mice were used 

to control for age related changes to the joint histology and the immune response and included 

when necessary.  

 

2.2.3  Animal Ethics Compliance  
 

NSLHD Animal Ethics Committee protocols that have been approved prior to the respective 

commencement of the study: 

1. RESP/18/162 for Chapter 2.2.2.1 and Chapter 2.2.2.2 and Chapter 3.2. 

2. RESP/20/083 for Chapter 4.2. 

3. RESP/20/082 for Chapter 5.2. 

4. RESP/19/067, RESP/20/083, RESP/20/082 and RESP/21/014 for Chapter 6.2. 

 

2.2.4  Development of Novel Techniques 
 
 

2.2.4.1 Published Manuscript Describing the Implementation and 

Testing a Novel Multicolor Flow Cytometry Analysis for 

Immune Cell Subsets in Context with ptOA. 
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2.2.4.2 Published Manuscript Describing the Implementation and 

Testing of a Streamlined Histopathological Scoring Technique 

for Murine ptOA Models. 
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Chapter 3 
 
 
3 Characterization of the Innate and Adaptive 
Immune Response during Development of ptOA 
 

 

3.1  Aim of the Study 
 

In recent years specific immune cell changes were identified that are believed to drive the 

inflammatory response in context with ptOA. However, to date no study investigated if 

different joint pathologies result in a different acute inflammatory reaction and thus explain 

why some joint injuries cause rapid ptOA and others do not. Furthermore, the cellular 

inflammatory innate and adaptive immune response subsequent to joint injury and during 

development of ptOA is still not fully understood. The study presented in this chapter relates 

to Aim 1 of this thesis. 

In this study the loco-regional and systemic innate and adaptive inflammatory cell responses 

are compared in three of the most commonly used mouse models of ptOA: DMM, ACLT and 

ACLR. Using these models allows detailed temporal evaluation and direct comparison with 

non-OA-inducing injuries (SHAM, ACLS) not possible in human clinical studies, as well as 

the ability to explore the effect of injury to different joint-tissues (DMM vs ACLT) and surgery 

itself (ACLT vs ACLR) on the severity and phenotype of the inflammatory response. 
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3.2 Drafted Manuscript for Submission: Innate and 

adaptive immune response to joint injury and the onset and 

progression of post-traumatic osteoarthritis: a comparison 

of common murine models. 
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Introduction 

Osteoarthritis (OA) is the most common joint disease [1] and the prevalence is expected to 

further increase as population-level risk-factors (e.g. age, obesity, joint injury) also increase  

[2]. OA contributes substantially to the global burden of disease being the second highest cause 

for years lived with disability in 2015 [2] and the leading condition contributing to healthcare 

expenditure in Australia [3]. OA has extraordinary individual and societal impact [2], with the 

knee accounting for >80% of the total burden [1]. While there are multiple underlying causes, 

post-traumatic-OA (ptOA) accounts for at least 12% of all cases of symptomatic OA [4] with 

knee injury at a young age increasing the risk of developing OA almost sixfold [5]. Restoration 

of biomechanics alone does not prevent ptOA development after injury [6, 7], suggesting other 

factors influence individual OA risk. 

Studies investigating OA pathophysiology have increasingly provided evidence for a crucial 

immuno-inflammatory component involving both adaptive and innate immune systems [8-14]. 

A predominantly pro-inflammatory T-helper cell polarization was found in the synovial 

compartment in OA, with increased numbers of pro-inflammatory Th1 [8, 15, 16], Th17 [8, 

17] and decreased numbers of anti-inflammatory Th2 [8, 18] and T-regulatory (Tregs) [8, 19] 

subsets. Studies investigating the innate immune response in OA have identified monocyte-

derived (“blood-originated”) macrophages (BOM) as the main culprit in promoting and 

sustaining inflammation [20, 21]. In contrast, synovial tissue resident macrophages (STRM) 

maintain joint homeostasis [22] and act as sentinels for molecular and cellular changes in the 

joint cavity itself [20]. However, the majority of data in OA patients has analysed later-stage 

disease, thus relatively little is known about T-helper and monocyte/macrophage cell 

polarization subsequent to injury and during development and progression of ptOA, and if the 

inflammatory reaction initiates OA pathological changes or is a secondary response to it [23]. 

Pre-clinical animal models provide a key pathway to address these questions [24, 25].  
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While murine ptOA models allow the longitudinal study between disease onset and progression 

towards end-stage, results focusing on the inflammatory response need to be interpretated 

carefully as the majority of current widely used models use a surgical approach to induce joint 

injury which may influence the scale and type of immuno-inflammatory response [26]. Non-

surgical mouse models, such as mechanical anterior cruciate ligament rupture (ACLR), have 

therefore been suggested as being superior in reflecting physiological joint injury mechanisms 

[26]. However, ACLR-induced OA in mice has a very rapid-onset and severe structural 

pathology that may not reflect slower onset human ptOA progression or degree of pathological 

change as well as the well-established surgical destabilisation of the medial meniscus (DMM) 

model [24, 25]. In order to account for these individual strengths and weaknesses, we evaluated 

surgical and non-surgical murine ptOA models and their respective sham-controls. 

Furthermore, we investigated the innate and adaptive immune response not only in the injured 

joint (synovial tissue) but also in primary (draining lymph node) and secondary (spleen and 

contra-lateral bone-marrow) lymphatic tissues providing an evaluation of loco-regional and 

systemic immuno-inflammatory response. The findings of the current study on the spatio-

temporal immune reaction to joint injury and during onset and progression of ptOA, will help 

to better understand the role of the immune response in this complex disease and identify 

specific potential therapeutic targets.  
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Materials and Methods 

Animals  

All experiments were approved by the Northern Sydney Local Health District Animal Ethics 

Committee (protocol RESP/18/162), and the ARRIVE guidelines were followed [27]. For all 

experiments 10-12-week-old, male C57BL/6 mice were utilized, and mice were housed in 

individually-ventilated cages (up to 5/cage) with commercial bedding, environmental 

enrichment (perspex housing, wooden sticks, tissues), ad-libitum access to standard pelleted 

mouse feed and acidified water, in a dedicated SPF vivarium maintained at 20-22 °C with 12-

hour light/dark cycles, and cared for in accordance with the Australian code [28].  

Animals were assigned to one of 6 intervention groups by random allocation of cages (n=2-5 

mice/cage; all mice in a cage assigned the same injury-model/group and harvest time) but 

ensuring experimental numbers (see below) were met. The 6 intervention groups were: (1) 

naïve mice that served as age-matched non-operated control (NOC) for all other groups; (2) 

destabilization of the medial meniscus (DMM) surgical model of slowly progressive ptOA 

[29]; (3) ACL transection (ACLT) [30] surgical model of rapidly progressive ptOA for 

comparison to group 2 and 6; (4) surgical arthrotomy without injury to the ACL or meniscus 

(SHAM) to determine the effect of surgery alone and control for groups 2 and 3; (5) mechanical 

ACL rupture (ACLR) induced by single compressive load applied to the flexed knee as a rapid-

onset ptOA model  [31], that by inducing ptOA without additional macroscopic damage to 

other structures within the joint [32] serves as a direct control for the confounding effects of 

surgery in group 3; and (6) mechanical ACL strain (ACLS) induced by a single compressive 

load to 75% of that required to rupture the ACL [33], that does not induce progressive OA joint 

pathology and serves as control for effects of compressive joint loading in group 5. Injury 

induction was staggered over 6-months but animals in all groups were simultaneously active 

throughout the study and housed in the same room and cage-rack to minimise confounding. 
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All interventions were done with animals under general anaesthesia (2% isoflurane in oxygen), 

and surgeries were conducted by two trained surgeons (PH and ACC) using standard sterile 

techniques (surgical site shaving and skin preparation; sterile drapes and surgical gloves; 

autoclaved instruments) and an operating microscope. Surgical incisions were closed in 3 

layers using sterile absorbable suture (8/0 polyglactin 910; joint capsule and subcutaneous 

layer) and tissue glue (skin) to ensure anatomical reconstruction. To avoid confounding effects 

on the inflammatory response, animals received no other medication, rather they were 

monitored closely in the first 2 post-operative weeks for signs of lameness, wound dehiscence, 

or infection, which if detected required their euthanasia under the ethics protocol (0 mice had 

these issues). 

Results from previous studies indicated that n=12 per group is necessary to detect statistical 

differences in histopathological scoring of murine ptOA cartilage pathology (the most variable 

study outcome measure) with >80% power [34-37]. A total of 8 time points were chosen at 

which mice from all intervention groups were sacrificed and tissues processed for histological 

analysis and flow cytometry. These correspond to the acute post-injury (day 1, 3 and 7), and 

early (2 weeks), progressive (4 and 6 weeks) and established/advanced (8 and 10 weeks) ptOA 

phases. Thus, the entire study cohort included a total of 576 mice (12 mice/group/time-point). 

Animals in groups 2, 3 and 5 that did not have complete ligament disruption or develop ptOA 

(based on gross evaluation at the time of joint harvest: n = 8), or any animals with other 

conditions requiring intervention or euthanasia (n = 1 for malocclusion), were excluded 

resulting in 567 mice being included in the final analysis.  

 

Flow cytometry 

Spleen, contralateral femoral bone-marrow, draining lymph-nodes (pooled inguinal and iliac) 

and synovial tissue were harvested from all animals as described [38] and see Chapter 2.2.2.1, 



 74 

with tissues from two animals pooled to increase cell numbers resulting in n=6 

samples/intervention/time. Compensation settings for spectral overlap on the multi-colour flow 

cytometer were set using the AbC Total Antibody Compensation Kit (Thermo Fischer), isotype 

control antibodies were used during optimization of the experiments to assess any non-specific 

binding, and “fluorescent minus one” (FMO) were used to set initial gates [39]. Respective 

mononuclear immune cell subsets were initially gated using a forward-/side-scatter (FSC-A 

and SSC-A) dot plot using FlowJo software (Tree Star), followed by a hierarchical antibody-

based gating strategy.  Two multi-color antibody panels were optimized, with an extra-cellular 

epitope/staining approach to identify monocytes/macrophages and their subsets, and extra- and 

intra-cellular epitope/staining to identify T-cells and their subsets (See Table S1 for Abs and 

Supplementary Figures 1 and 2). All gating and flow cytometry were done by a single 

researcher (PH), batched by timepoint but with randomization and concealment of intervention 

group in each batch. 

 

Histology 

After removal of the anterior synovium (for flow cytometry) the knee joints were fixed, 

decalcified, paraffin-embedded, and serial sagittal sections across the medial femoro-tibial 

joint cut and stained with toluidine blue-fast green as previously described [37, 40]. Utilizing 

a modified scoring system with a single mid-sagittal medial femoro-tibial compartment slide 

[41] and Chapter 2.2.2.2, summed femoral and tibial cartilage structural damage, tibial 

subchondral bone sclerosis, summed anterior and posterior femoral and tibial osteophyte and 

enthesophyte  size and maturity, tibial osteochondral damage, and posterior femoral synovitis 

(individual parameters (sub-synovial inflammatory cell infiltration, synovial lining cell 

hyperplasia, panus outgrowth and bone erosion) and total score), were determined by a single 
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observer (PH) blinded to time and intervention-group. Median values for each 

histopathological feature for each group and time point were generated and compared. 

 

Statistics 

The individual histology-outcomes were considered as categorical and independent variables, 

as prior analysis demonstrates they change differentially and with distinct temporal patterns in 

different OA models, and are independently modified in response to treatment/genetic-

modification [34, 36, 37, 40, 42]. Non-parametric analyses (Kruskal-Wallis and Mann-

Whitney-U) were used to assess differences between groups for all histological-outcomes at 

each post-injury timepoint. Histological data is presented as median ± error. Flow cytometry 

data is presented as mean ± standard error of the mean (SEM). Two-way analysis of variance 

(ANOVA) with post-hoc Tukey’s correction for multiple comparisons was used to compare all 

individual variables. All statistical tests used an α-level of 0.05. All statistical calculations were 

performed with GraphPad Prism (Version 9.0.0).  
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Results 

Histological evaluation of ptOA osteochondral pathology onset and progression 

Cartilage damage scores remained <2 in all control groups (NOC/ACLS/SHAM) for the 

duration of the study and significant differences were only observed at late-stage time points 

(ACLS>NOC, p=0.0003) (Fig 1A). All ptOA models (DMM/ACLT/ACLR) had increased 

cartilage damage starting at day-3, with ACLT and DMM significantly greater than SHAM 

(p<0.01) and ACLR>ACLS (p=0.0233), and thereafter all remaining greater than their 

respective controls (TABLE S2). Cartilage damage increased rapidly from day-1 in ACLT and 

ACLR peaking at day-28 and remaining stable thereafter with no difference between surgical 

and non-surgical models. Cartilage damage increased more slowly in DMM, with scores in 

ACLR and ACLT significantly higher than DMM scores at day-28 (p<0.001) and day-56 

(p<0.001). Total osteochondral damage/erosion, calculated as cartilage damage and 

osteochondral damage, showed a similar pattern as cartilage damage alone and was 

predominantly observed in ACL-injury models (Fig. 1B). While osteo-/enthesophyte 

development was not observed in any of the control groups, ACLT and ACLR had significantly 

higher scores not only than their respective controls but also ACLT/ACLR>DMM mice 

starting at day-7 and differences being significant at day-28 (Fig 1C; p<0.0121; Table S2). 

DMM had significantly higher scores than SHAM from day-42-70 (Fig. 1C). Subchondral bone 

sclerosis showed little change over time in controls nor difference between groups (Fig 1D, 

Table S2). In contrast to the model-specific pattern in cartilage damage, only DMM had 

significantly increased bone sclerosis compared with controls, and compared with ACLT (day-

42: p=0.0079) (Fig. 1D). These data confirmed that ACLR and ACLT induce a similar rapid 

onset ptOA phenotype characterised by fast and severe tibial and femoral cartilage damage, 

low subchondral bone sclerosis, severe and progressive osteo-/enthesophyte development and 

osteochondral damage (Fig. 1). In contrast, DMM results in a less severe and slower 
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progression of cartilage damage and osteo-/ enthesophytes, accompanied by more subchondral 

bone sclerosis but no osteochondral erosion (Fig. 1B).  

 

Histological evaluation of synovial inflammation. 

The total synovitis score indicated that the surgical approach itself led to a significant 

inflammation that resolved by day-28 (scores in SHAM significantly higher than NOC, 

p<0.002 day-1-14; Fig 2A, TABLE S3). Synovitis in the two surgical ptOA models 

(DMM/ACLT) were equivalent to SHAM acutely (day-1-7) but higher thereafter (ACLT from 

day-14 p=0.0003; DMM from day-28 p<0.0001). Interestingly despite no surgical intervention, 

synovitis in ACLR was equivalent to SHAM and DMM at day-1-14 and remained greater than 

SHAM and equivalent to DMM at day 28 (p=0.0167) and day-56 (p=0.0161). Synovitis in 

ACLT was greater early post-injury than both DMM (day-7 and -14; p<0.0136) and ACLR 

(day-14 p<0.0332) but then declined to be equivalent to other ptOA models from day-21. Thus, 

while surgery alone contributes acutely to synovial inflammation, it may be worsened by injury 

to specific joint tissues (ACLT vs DMM) and the maximum severity is no greater than non-

surgical ptOA-inducing joint injury (ACLR). 

The individual parameters generally showed similar temporal pattern to the total synovitis 

score but with some subtle model-specific differences. Surgery alone (SHAM) acutely 

increased synovial hyperplasia (Fig 2B) and sub-synovial cell infiltration (Fig 2C) with 

resolution by day-28. ACLR and ACLT induced comparable synovial hyperplasia which 

peaked at day-14 and then declined by day-28 remaining stably increased compared with 

controls thereafter. Synovial hyperplasia in DMM was less during early time points 

(DMM<ACLR/ACLT day-7 and -14: p<0.001), similar during ptOA development (day-28 and 

-42), but then increased in later disease at a non-significant extent (Fig. 2B). Subsynovial 

immune cell infiltration was also similar in ACLR and ACLT during the entire course of the 
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study with an acute increase peaking at day-7 and then steadily declining but still significantly 

greater than controls (Fig. 2C). Subsynovial cell infiltration in DMM showed a similar 

temporal pattern but peaked earlier (day-3) and was significantly less than ACLR/ACLT  

between day-7-14 of ptOA development (Fig. 2C). Pannus formation was significantly more 

distinct in the surgical models with ACLT>DMM>ACLR from day-1-14 (p<0.01, Fig. 2D). 

These data again shows that the surgical approach itself leads to a significant histopathological 

synovial inflammation but that the specific tissues injured (ACL vs meniscus) can modify the 

temporal pattern and severity of these changes irrespective of the induction method (ACLR = 

ACLT).  To better interrogate the inflammatory response in the different ptOA models, a 

hierarchical flow-cytometric gating strategy was used to determine loco-regional (synovial 

tissue and draining lymph-nodes) and systemic (spleen and contra-lateral bone-marrow) 

changes in adaptive- and innate-immune cell subsets.  

 

Loco-regional inflammatory cell response to joint-injury and ptOA 

There was little difference in synovial tissue CD4+ T-helper cells between the three control 

groups, with small transient increases in SHAM at day-3-7 (p<0.01) and ACLS at day-42 

(p<0.0001; Fig 3A, Table S4). A significant increase in synovial tissue CD4+ T-helper cells 

was observed 3 days after ACLR and ACLT (p<0.0001 vs ACLS and SHAM), with levels 

peaking on day-7, declining by day-28 and remaining stable thereafter (ACLR>ACLS on days-

3-28 p<0.001; ACLT>SHAM on days-3-70 p<0.05; Fig. 3A). In contrast, while synovial-tissue 

CD4+ T-helper cells were increased in DMM compared with SHAM on days-7-70 (p<0.05), 

the initial increase did not occur until day-7 and was less than ACLR/ACLT between day-3 

and -14 (p<0.0001). The peak in synovial tissue CD4+ T-helper cells (comparable magnitude 

to ACLR/ACLT) did not occur until day-42 in DMM, with levels significantly higher than 

ACLR/ACLT day-28-56 days (p<0.0001). The pro- (Th17 and Th1) and anti-inflammatory 
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(Treg and Th2) subsets of CD4+ T-helper cells were evaluated and reported as relevant 

Th1/Th2 and Th17/Treg ratios (Fig 3B and C, respectively; values >1 indicating pro-

inflammatory response). There was a short-lived pro-inflammatory effect of the surgical 

approach itself, with significantly higher Th1/Th2 and Th17/Treg ratios in SHAM compared 

NOC at day-1 (Th1/Th2: SHAM vs NOC p<0.0001; Th17/Treg: SHAM vs NOC p=0.0002). 

PtOA inducing injuries led to a much more marked pro-inflammatory T-helper cell polarization 

but with distinct model-specific temporal patterns. Equivalent peak increases in Th1/Th2 ratios 

in ACLR and ACLT were observed at day-7 before declining to control levels at day-42 day, 

followed by another small increase at day-56 then back to control levels by day-70. The 

Th1/Th2 ratio in ACLT was higher than ACLR at day-1 (p=0.0008) likely attributed to the 

surgical approach as levels were then not significantly different between the two ACL-injury 

models for the remaining study period. A day-1 increase in Th1/Th2 ratio due to the surgical 

approach was also observed in DMM, but thereafter ratios were similar to SHAM until day-28 

when Th1/Th2 increased and peaked at day-42 and then progressively declined to baseline 

levels by day-70 (Fig. 3B). The Th17/Treg ratio had a similar initial temporal pattern to 

Th1/Th2, with the ACLR/ACLT increase peaking at day-7 (although ACLR was greater than 

ACLT; p=0.0017), whereas levels peaked at day-42 in DMM (Fig 3C). In contrast to Th1/Th2 

ratios however, all three ptOA-inducing injuries led to a delayed pro-inflammatory Th17/Treg 

polarisation at day-56-70 (Fig. 3C).   

Analysis of the innate immune response indicated an acute (day-1) influx of blood-derived 

(Ly6Chigh) monocytes in all ACL injury groups (p<0.01 vs controls; Fig 3D) while in the 

meniscus injury group a significant influx was observed after day-7 (p<0.0001). Thereafter, 

levels of Ly6Chigh monocytes declined in all three control groups reaching baseline levels at 

day-7 and remaining stable with no difference between groups for the study duration. In 

contrast, Ly6Chigh monocytes in all three ptOA inducing injury models remained elevated 
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compared with controls to day-56 (with the exception of DMM at days-1-3). Ly6Chigh 

monocytes in DMM were higher than ALCR/ACLT day-14-28 (p<0.0001), declined to be 

lower on day-42 (p<0.0001), and then as numbers progressively declined in both ACL injury 

models DMM was again higher on day-70 (p<0.005; Fig. 3D). In a consecutive analysis the 

origin of activated macrophages (CD11B+/F4/80+) in the synovium was designated using the 

intensity of expression F4/80 as cell surface marker (BOM=F4/80int, STRM=F4/80high), along 

with their M1/M2 polarization (CD80/CD206, respectively). This showed equivalent higher 

levels of BOM in all three ptOA-inducing models compared with controls, peaking at day-3 

then gradually decreasing to baseline at day-42 (Fig 3E). During late time points (day-56-70) 

BOM showed a second increase exclusively in DMM (p<0.0001 vs SHAM; Fig. 3E). Surgery 

alone induced a transient pro-inflammatory polarization (increased M1/M2 ratio) of BOM and 

STRM (SHAM>NOC at day -1 (BOM p<0.001; STRM p<0.05) and day-3 (BOM p<0.05;  

STRM p<0.05); Fig. 3F and G). The BOM and STRM M1/M2 ratio remained elevated till day-

14 in ACLR/ACLT and to day-42 in DMM. Importantly, no switch to an anti-inflammatory 

balance (M1/M2 < 1) was observed in BOM (Fig. 3F), while conversion to an anti-

inflammatory polarization was observed in STRM at day-42 in ACLR and ACLT and day-70 

in DMM (p<0.0001 vs controls; Fig. 3G). Taken together the data indicate that while surgery 

plays a significant role in inducing synovial inflammation, the tissue injured (ACL vs 

meniscus) has a major effect on both the magnitude and temporal pattern of the synovial tissue 

adaptive and innate immune response.  

Analysis of the innate immune cell response in the draining lymph-nodes revealed no 

differences in Ly6Chigh monocytes between the three control groups and no changes with time 

(Fig 4A, Table S5). In DMM there was a significant increase in lymph-node Ly6Chigh 

monocytes day-1, and -7 (p<0.05 vs SHAM), a decrease at day-14 and then an increase and 

persistent elevation in DMM starting at day-28. Lymph-node Ly6Chigh monocytes were also 
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increased acutely in ACLT (day-1, -3 and -14 vs SHAM; p<0.01) and ACLR (day-1, -3 and -

14; p<0.0001 vs ACLS). However, unlike DMM, lymph-node Ly6Chigh monocytes in both 

ACLT and ACLR returned to baseline by day-28 and remained uncharged thereafter. Lymph-

node macrophages had higher pro-inflammatory M1/M2 ratios acutely with surgery alone 

(SHAM vs NOC day-1 and -3; p<0.05). All three ptOA models also acutely increased M1/M2, 

DMM and ACLT greater than SHAM and ACLR>ACLS (p<0.01). While M1/M2 ratios 

returned to baseline at day-28 in ACLR and ACLT, they steadily declined but stayed elevated 

compared with SHAM in DMM until day-56 (p<0.007). Interestingly, an anti-inflammatory 

polarization switch was observed in ACLT and ACLR at day-70 but not DMM (Fig. 4B). 

Analysis of lymph-node CD4+ T-helper cell subsets revealed no change in Th1/Th2 ratios in 

any controls, consistently and persistently higher ratios in all ptOA inducing models, with 

DMM significantly higher than ACLT and ACLR at day-56 (p<0.0001) and day-70 

(DMM>ACLR p=0.0098; DMM>ACLT p=0.0016). In contrast to synovial tissue, no relevant 

differences were detected in the lymph-node Th17/Treg ratio over time, with all groups 

maintaining an anti-inflammatory balance (Fig. 4D). As with the synovial tissue response, the 

joint tissues injured rather than the method (ie. surgical vs non-surgical) had a more pronounced 

effect on the loco-regional lymph-node inflammatory response.  

 

The systemic inflammatory response to joint-injury and ptOA 

Surgery alone led to a very transient decrease in Ly6Chigh monocytes in the contralateral bone-

marrow on day-3 (SHAM vs NOC; p<0.0052) before returning to baseline (Fig. 5A, Table S6) 

In contrast all three ptOA inducing injuries resulted in decreased Ly6Chigh monocytes in bone-

marrow day-1-14 (p<0.001 vs controls) with the exception of DMM at day-3. While bone-

marrow Ly6Chigh monocytes in ACL injury models returned to baseline at day-28, they become 

elevated in DMM at day-28 (vs SHAM p = 0.0011) This same injury-specific pattern of change 
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in Ly6Chigh monocytes was seen in the spleen, with surgery alone inducing a significant short-

lived decrease in Ly6Chigh monocytes (day-1-3 SHAM<NOC p<0.0001) whereas a more 

distinct and longer depletion of Ly6Chigh monocytes was observed after ptOA inducing injury 

(Fig. 5B), and DMM significantly increasing  Ly6Chigh monocytes between day-14-42 

(p<0.0001). Surgery alone also led to a transient (SHAM vs NOC day-1 and -3; p<0.0001) pro-

inflammatory polarization of macrophages in both bone-marrow and spleen (Fig. 5C and D, 

respectively). Furthermore, ACLT and ACLR led to less marked and shorter duration (day-1-

7 day) pro-inflammatory macrophage polarization compared to DMM mice in both bone-

marrow and spleen. While M1/M2 ratios in DMM did ultimately return to baseline in the bone-

marrow (day-42) they stayed significantly higher in the spleen for the duration of the study. In 

the bone-marrow an anti-inflammatory M1/M2 polarization switch occurred in ACLT and 

ACLR (day-56 and -70) but not DMM.  In comparison to the innate response, the systemic 

adaptive immune response to joint injury was much more muted and transient and largely 

limited to surgical models (Fig 5 E-H). A pro-inflammatory response to all surgeries 

(SHAM/DMM/ACLT but not ACLR) in Th1/Th2 and Th17/Treg ratios was seen in spleen and 

bone-marrow at day-1. The only subsequent change was a higher Th1/Th2 ratio in DMM day-

28 in bone-marrow (p=0.0007 vs SHAM; Fig. 5E) and spleen (p=0.0108 vs SHAM; Fig. 5F). 

 

Summary of the systemic and loco-regional innate and adaptive immune response 

In a final set of analyses, we calculated a fold difference between ptOA groups and their 

respective controls for all pro- and anti-inflammatory immune cell subsets and tissue to 

visualize the distinct spatio-temporal immune response (Fig. 6). This analysis and graphical 

representation highlights the limited systemic response except for the increase in M1 

macrophages for 28 days in DMM, particularly in bone-marrow. In the draining lymph-nodes 

the temporal difference between the models in the M1 response can be seen, whereas a Th1-
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driven pro-inflammatory response is observed in all models during the entire study period. The 

innate inflammatory response in the synovium is characterised by an early and comparatively 

short-lived M1 driven pro-inflammatory response (day-1-14 in ACLR and ACLT and day-1-

28 =in DMM), with a late increase in M2 predominantly in ACLR and ACLT. The temporal 

and model-specific difference in the synovial adaptive immune response is apparent, with an 

earlier increase and then decrease in Th1 cells in ACL injuries compared with DMM, and the 

initial increase in Th17 cells occurring earlier in ACL injuries than DMM but increasing again 

in all models at day 70.   
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Discussion 

Current treatments for major/destabilizing joint injuries focus primarily on restoring 

biomechanics with surgery and/or muscle strengthening, and while improving clinical 

outcomes these approaches fail to prevent long-term ptOA [7]. The “non-mechanical 

mechanisms” underpinning ptOA risk remain to be defined but differences in severity and 

resolution of acute post-injury inflammation are strongly implicated [7, 43, 44]. Key to research 

efforts in this area are translationally relevant animal models [24, 25]. In this study we 

compared the loco-regional and systemic innate and adaptive inflammatory cell responses in 

three of the most commonly used mouse models of ptOA: DMM, ACLT and ACLR. Using 

these models allowed detailed temporal evaluation and direct comparison with non-OA-

inducing injuries (SHAM, ACLS) not possible in human clinical studies, as well as the ability 

to explore the effect of injury to different joint-tissues (DMM vs ACLT) and surgery itself 

(ACLT vs ACLR) on the severity and phenotype of the inflammatory response. The key 

findings of these analyses were that: (1) non-critical/sprain loading injury (ACLS) does not 

incite a significant loco-regional or systemic immune/inflammatory activation; (2) while 

surgery alone induced acute synovial (but not lymph-node or systemic) inflammation this 

resolved rapidly (day-28 histology, day-7 innate and day-3 adaptive response), and there was 

minimal difference between surgical and non-surgical models (ACLT vs ACLR) in the 

magnitude or phenotype of the loco-regional and systemic innate and adaptive response; (3) 

however, there was a distinct temporal difference in the loco-regional and systemic innate and 

adaptive response depending of the joint-tissue injury (DMM vs ACLT). Model-specific 

differences in pathological, innate- and adaptive-immune response are discussed in further 

detail below.  

 

Different ptOA pathology phenotypes. 
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Mouse models have been developed to recapitulate common injuries known to induce ptOA in 

the clinical setting [5]. Surgical ptOA models have the advantage of controlled injury to 

specific isolated joint-tissues under direct visualisation compared with joint loading models 

where damage to other tissues and/or knee compartments may occur [45, 46]. However, the 

surgical approach presents a limitation in potentially being a confounding “non-physiological” 

inflammatory stimulus [26]. Surgery alone did induce transient synovitis that resolved by 28-

days consistent with previous findings [34] and with the higher synovitis scores for the first 

21-days in ACLT vs ACLR in the current study. This increase in total synovitis score resulted 

from accumulation of smaller sometimes non-significant increases in each of the underlying 

individual parameters. Despite more synovitis there was little difference between ACLT and 

ACLR in the temporal pattern or severity of osteochondral pathology, suggesting histologically 

detected inflammation did not alter structural ptOA onset and progression. Previous studies in 

the rat also found no difference in cartilage histopathology in ACLR versus ACLT but 

subchondral bone remodeling and loss was greater in ACLT [47, 48]. This may indicate 

species-specific responses and/or differences in the surgical procedure and the degree of 

associated inflammation.  

It is noteworthy that synovitis, particularly sub-synovial cellular infiltration and lining cell 

hyperplasia, was significantly greater in ACLT compared with DMM from very early post-

injury (day-3) despite equivalent surgical intervention/induction. This suggests that the specific 

joint-tissue injured (ACL vs meniscus) may have a distinct impact on the inflammatory 

response prior to subsequent model-related differences in osteochondral damage that may 

induce secondary synovitis. The delayed synovial lining cell hyperplasia in DMM could be a 

secondary synovial response to the slower progression of cartilage pathology in this model 

[29]. However, the decrease in synovitis despite late osteochondral damage/erosion in 

ACLT/ACLR as a result of increased anterior/posterior laxity and posterior femoral 
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subluxation [49, 50], in concert with evidence of unique loco-regional and systemic innate and 

adaptive cell responses in DMM (see below), suggests an effect of the primary joint-tissue 

injury. This could be associated with increased synthesis of different inflammatory mediators 

from injured ACL and menisci [51, 52], and is consistent with cellular and molecular immune 

features of synovitis showing some differences in patients with ACL versus meniscal injury 

[53, 54]. The data from patients is confounded by the presence of concurrent/multiple joint-

tissue injuries and marked variability and delay in time from injury to analysis, as well as age, 

sex and comorbidities. Animal model studies overcome these issues allowing a more detailed 

evaluation of the role of specific tissue-injuries on the local and systemic inflammatory 

response.  

 

Characterisation of the adaptive immune response 

An imbalance in the Th1/Th2 [55, 56] and Th17/Treg [57] ratios is encountered in OA patient 

joints. Whether and when these imbalances occur subsequent to joint injury, and if they are 

restricted to the synovium or can be found in loco-regional or systemic lymphoid tissues is 

unknown. We identified a very transient (1-3-day) Th1/Th2 and Th17/Treg imbalance in 

synovium and systemic but not draining lymph-tissues in SHAM, suggesting short-lived local 

activation as part of a normal wound-healing process [58]. The similar acute systemic Th1 

response in SHAM, DMM and ACLT compared with a muted and delayed response in 

ACLS/ACLR could be a systemic response to general anaesthesia duration [59] but may also 

indicate specific effects of surgical tissue injury, which could also underpin the 

persistent/delayed rise in systemic Th1 in DMM compared with all other groups. That only 

DMM, ACLT and SHAM had a (1-day) systemic pro-inflammatory Th17/Treg response also 

suggests an acute transient effect of surgery on this pathway, although again the duration of 

anaesthesia cannot be excluded. While the precise mechanisms remain to be determined, 
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knowledge that these albeit transient systemic T-cell activation differences occur is important 

for researchers using surgical ptOA models to investigate the immune response or modulation 

thereof.  

In the context of ptOA pathophysiology, the much more marked and prolonged pro-

inflammatory Th1/Th2 imbalance in the synovium and draining lymph-node, and increased 

Th17/Treg ratio in the synovium were clear distinguishing features compared with non-ptOA-

inducing injuries. The model-specific temporal differences in both Th1/Th2 and Th17/Treg 

indicated a major effect of the joint-tissue injured (ACL vs meniscus) rather than the 

mechanism (surgical vs non-surgical), with similar responses in ACLT and ACLR that differed 

significantly from DMM. The early acute pro-inflammatory synovial Th1/Th2 imbalance peak 

in ACLT/ACLR compared with slower onset delayed response in DMM, reflected the temporal 

differences in cartilage damage in these models. This may implicate an Th1-response to 

chondrocyte/cartilage-matrix derived molecules e.g. [60, 61], although as noted above different 

pro-inflammatory and immunomodulatory factors synthesised by injured ACL and menisci 

may also play a role [51, 52]. While a similar pattern of early and delayed peaks in synovial 

Th17/Treg ratios in ACLT/ACLR versus DMM were seen, rather than returning to baseline 

Th17 remained higher in all ptOA groups and increased in later (day-70) disease. The late-

stage decrease in Th1 in our ptOA models contrasts with persistent elevation in end-stage 

patient OA knee joints [56]. The reason for this is unclear but could include differences in 

confounding factors such as age, sex, co-morbidities (e.g. obesity) in our mice versus patients. 

The prolonged synovial Th17 response is consistent with human clinical studies [12, 62]and 

ptOA in horses [63], and may suggest different and/or multiple cell/tissue-derived activating 

molecules/mechanisms that may be released over time/ptOA progression. For example, 

collagen-II-induced arthritis is predominantly Th17-driven while aggrecan-induced disease has 

a Th1 phenotype, but the latter can be modulated by different co-stimulatory agents, and 
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different epitopes with aggrecan can incite distinct T-cell activation signatures [60, 61, 64, 65]. 

Whether a difference in activating molecules/mechanisms and their distribution or presentation 

to T-cells also explains the draining lymph-node response only being Th1and not Th17 is 

unclear. Nevertheless, our data indicates a distinct ptOA-inducing-model-specific 

spatiotemporal Th1 and Th 17 response that occurs predominantly on a locoregional level. 

 

Characterisation of the innate immune response 

All ptOA-inducing injuries led to a distinct pattern of loco-regional and systemic change in 

Ly6Chigh monocytes compared with non-ptOA-inducing injuries. A short depletion of Ly6Chigh 

monocytes in the bone-marrow and spleen with a concomitant influx in the synovial tissue in 

all ptOA models is consistent with targeted recruitment of systemic classically activated 

monocytes into the critically injured joint (but not SHAM or ACLS), as previously 

demonstrated in injured kidneys [66]. The restoration of systemic Ly6Chigh monocytes after 2-

4 weeks with persistent synovial elevation suggests a ptOA-induced increase in their generation 

in bone-marrow and spleen. Increased Ly6Chigh monocyte generation in bone-marrow and 

spleen exceeding elevated efflux into synovium (and draining lymph-node) was evident from 

day-14-56 in DMM. The reason for this DMM-specific effect is not clear but could potentially 

be associated with prolonged cartilage degradation and/or sub-chondral bone 

remodeling/sclerosis compared with ACL-injury models. Along with Ly6Chigh monocytes 

BOM were exclusively increased in synovium of ptOA-inducing joint injuries. This is 

consistent with evidence that blood/monocyte-derived macrophages are major contributors to 

promoting and sustaining inflammation during OA pathogenesis [20, 21]. The initial acute 

transient BOM influx (day-14-28) had the same magnitude and temporal pattern irrespective 

of induction method (surgical/non-surgical) or target joint-tissue (ACL/meniscus). While 

BOM influx was not temporally associated with any particular ptOA osteochondral 
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histopathology, the lack of their influx in SHAM implicates factors such chemokines (e.g. 

MCP-1/CCL2) synthesised and released from cells acutely injured in ACL, meniscus, or 

cartilage [67-70]. DMM was unique in having a second delayed increase in BOM, and as with 

the late increase in synovial Ly6Chigh monocytes, this could be driven by prolonged cartilage 

degradation and/or sub-chondral bone remodeling/sclerosis in this model.  

In vitro studies introduced the concept of a dichotomous macrophage polarization state being 

either classically activated and pro-inflammatory (M1) or alternatively activated and anti-

inflammatory (M2) [71, 72]. This is now considered an oversimplified classification system 

with M1 and M2 representing the extreme poles of a complex spectrum of activation spectrum 

[11]. In the current study markers associated with a pro-inflammatory polarization (CD80) and 

anti-inflammatory polarization (CD206) were used to identify subsets of macrophages 

(F4/80+) subsequently labelled as M1 and M2 for simplicity. There was an effect of surgery 

alone inducing acute transient pro-inflammatory M1/M2 polarization loco-regionally and 

systemically. The large and more persistent increase in M1 in all tissues by ptOA-inducing 

injuries (albeit greater in surgical models) implicates a role for ptOA-associated tissue/cell 

generated molecules. That DMM in induced a prolonged pro-inflammatory M1/M2 skew in all 

tissues may suggest a particular role for meniscal cells/proteins in macrophage activation, 

and/or be a reflection of the slower prolonged cartilage degradation and sclerotic subchondral 

bone remodeling.  

There are numerous studies indicating that interventions targeting restoration of M1/M2 

polarization balance are beneficial in mouse OA[73], and our data suggests that the therapeutic 

window may differ depending on the specific model used.  Furthermore, the timing and 

efficacy in regulating both BOM and STRM M1/M1 polarization may be important 

considerations. STRM maintain joint homeostasis by protecting the joint space from 

detrimental stimuli via tight junctions in the synovial lining [22] and serve as sentinels for 
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molecular and cellular changes [20] acting as first responders to pathological changes 

happening in the joint. Activation of STRMs has been shown to occur via TLRs and a highly 

specialized pathogen recognition receptor (PRRs) induced pathway [74]. Our data indicates 

that despite their protective function STRM have a potential pathological role during the onset 

of joint-injury associated inflammation. Ultimately despite persistent and progressive ptOA 

pathology, synovial M1 macrophages decline with STRM displaying an anti-inflammatory M2 

polarization. To the best of our knowledge the current study is the first study providing data 

regarding a natural temporal polarization switch of STRMs during the pathogenesis of ptOA, 

and may suggest targeting early M1/M2 polarization of STRMs in particular may be a good 

therapeutic target. Macrophage M1 or M2 polarization occurs in association with cytokines 

secreted from Th1 and Th2 T-cells [75, 76], respectively. In the current study the M1/M2 

polarization switch in STRM was observed in concert with synovial Th1/Th2 ratio dropping 

below 2.7 in all three ptOA models. Targeting the Th1/Th2 balance may be beneficial for ptOA 

by directly reducing Th-1catabilic factors and promoting improved M1/M2 STRM balance. In 

addition, the current study suggests that the M1/M2 polarization switch it not reserved to the 

joint and occurs in bone-marrow and regional lymph-nodes, and these may also be important 

targets in ptOA treatment. 

 

Limitations and Conclusions 

Flow cytometry has multiple advantages when investigating the inflammatory response during 

ptOA pathogenesis, however considerable antibody variation exists among studies limiting 

direct comparison of cell population, and quantitated flow cytometry “events” may not 

necessarily equate to total cells. In the current study established markers were utilized to 

maximise comparability and reduce variation, and the antibody panels were vigorously tested 

and optimized to ensure reproducibility. Recent studies have shown a marked sex-difference 
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in ptOA development after DMM surgery and the authors concluded that the male hormones 

likely exacerbate ptOA in male mice (Ma, H. L. et al. 2007). A recent study compared knee 

biomechanics between male and female mice (Blaker, Carina L. et al. 2021) and found that 

sex- and model-specific differences in ptOA progression are likely not influenced by 

differences in knee biomechanics (Blaker, Carina L. et al. 2021) thereby further highlighting a 

potential role of sex hormones. Our study only used young male mice, and future work should 

compare outcomes in females and older animals. 

We were unable to include pain outcome evaluation and comparisons because of the number 

of animals used across time points and models, and the need to pool tissues from mice to ensure 

sufficient cells we could not do individual correlations between pathology outcomes and flow 

cytometry data. Finally, while our data allows assessment of association between innate and 

adaptive immune cell changes with injury and ptOA, determining the direction and causality 

of the interactions will require interventional studies. Despite these limitations, our detailed 

spatio-temporal analysis across multiple models has provided novel insights into innate and 

adaptive inflammation in response to joint injury and ptOA. Taken together this data indicates 

a predominant loco-regional and limited systemic response to joint injury, with the magnitude 

and duration of the initial transient increase in activated-monocyte and M1 macrophages and 

both acute and long-term Th1 and Th17 T-cell response differentiating pt-OA-inducing from 

non-ptO-inducing injury. Importantly, what you injure (ACL vs meniscus) rather than how you 

injure it (surgery vs non-surgical) determines the temporal pattern and systemic involvement 

of both the innate and adaptive immune response and the structural ptOA progression and 

severity. 

 

 

Acknowledgements  



 92 

The authors acknowledge the technical contribution of Ms. Susan Smith, Mr. Daniel Burkhardt, 

Ms. Shihani Stoner and Ms. Yolanda Liu in preparing all histology samples and sections. 

 

Role of the funding source 

PH received a research fellowship from the Deutsche Forschungsgemeinschaft (DFG) (DFG-

HA 8481/1-1) and the The Raymond E Purves PhD Scholarship through the University of 

Sydney; research was supported by grants from the National Health and Medical Research 

Council (NHMRC Project Grant APP1045890), Arthritis Australia (Zimmer Australia Grant, 

and Eventide Homes & Arthritis Australia and State/Territory Affiliate Grant), and The 

Hillcrest Foundation through Perpetual Trustees (Project Grant IPAP2019/0645 and 

IPAP2022/0473). Funding agencies had no role in conceptualization or implementation of the 

study or analysis and interpretation of data.  

 

Conflict of interest 

The authors declare no competing interests.  

  



 93 

References 

1. Spitaels D, Mamouris P, Vaes B, Smeets M, Luyten F, Hermens R, Vankrunkelsven P: 
Epidemiology of knee osteoarthritis in general practice: a registry-based study. BMJ 
Open 2020, 10(1):e031734. 

2. Kloppenburg M, Berenbaum F: Osteoarthritis year in review 2019: epidemiology and 
therapy. Osteoarthritis Cartilage 2020, 28(3):242-248. 

3. AIHW: Australian Institute of Health and Welfare (2022) Disease expenditure in 
Australia 2019–20,  
https://www.aihw.gov.au/reports/health-welfare-expenditure/disease-expenditure-
in-australia-2019-20/contents/about. In.; 2022. 

4. Punzi L, Galozzi P, Luisetto R, Favero M, Ramonda R, Oliviero F, Scanu A: Post-
traumatic arthritis: overview on pathogenic mechanisms and role of inflammation. 
RMD Open 2016, 2(2):e000279-e000279. 

5. Snoeker B, Turkiewicz A, Magnusson K, Frobell R, Yu D, Peat G, Englund M: Risk of 
knee osteoarthritis after different types of knee injuries in young adults: a 
population-based cohort study. Br J Sports Med 2020, 54(12):725-730. 

6. Barton KI, Shekarforoush M, Heard BJ, Sevick JL, Vakil P, Atarod M, Martin R, Achari Y, 
Hart DA, Frank CB et al: Use of pre-clinical surgically induced models to understand 
biomechanical and biological consequences of PTOA development. J Orthop Res 
2017, 35(3):454-465. 

7. Dilley JE, Bello MA, Roman N, McKinley T, Sankar U: Post-traumatic osteoarthritis: A 
review of pathogenic mechanisms and novel targets for mitigation. Bone Rep 2023, 
18:101658. 

8. Li YS, Luo W, Zhu SA, Lei GH: T Cells in Osteoarthritis: Alterations and Beyond. Front 
Immunol 2017, 8:356. 

9. Nees TA, Rosshirt N, Zhang JA, Platzer H, Sorbi R, Tripel E, Reiner T, Walker T, 
Schiltenwolf M, Lorenz HM et al: T Helper Cell Infiltration in Osteoarthritis-Related 
Knee Pain and Disability. J Clin Med 2020, 9(8). 

10. Woodell-May JE, Sommerfeld SD: Role of Inflammation and the Immune System in 
the Progression of Osteoarthritis. J Orthop Res 2020, 38(2):253-257. 

11. Haubruck P, Pinto MM, Moradi B, Little CB, Gentek R: Monocytes, Macrophages, and 
Their Potential Niches in Synovial Joints - Therapeutic Targets in Post-Traumatic 
Osteoarthritis? Frontiers in immunology 2021, 12:763702. 

12. Rosshirt N, Trauth R, Platzer H, Tripel E, Nees TA, Lorenz HM, Tretter T, Moradi B: 
Proinflammatory T cell polarization is already present in patients with early knee 
osteoarthritis. Arthritis Res Ther 2021, 23(1):37. 

13. Trajerova M, Kriegova E, Mikulkova Z, Savara J, Kudelka M, Gallo J: Knee osteoarthritis 
phenotypes based on synovial fluid immune cells correlate with clinical outcome 
trajectories. Osteoarthritis Cartilage 2022, 30(12):1583-1592. 

14. Wang D, Chai XQ, Hu SS, Pan F: Joint synovial macrophages as a potential target for 
intra-articular treatment of osteoarthritis-related pain. Osteoarthritis and Cartilage 
2022, 30(3):406-415. 

15. Yamada H, Nakashima Y, Okazaki K, Mawatari T, Fukushi J, Oyamada A, Fujimura K, 
Iwamoto Y, Yoshikai Y: Preferential accumulation of activated Th1 cells not only in 
rheumatoid arthritis but also in osteoarthritis joints. J Rheumatol 2011, 38(8):1569-
1575. 



 94 

16. Ishii H, Tanaka H, Katoh K, Nakamura H, Nagashima M, Yoshino S: Characterization of 
infiltrating T cells and Th1/Th2-type cytokines in the synovium of patients with 
osteoarthritis. Osteoarthritis Cartilage 2002, 10(4):277-281. 

17. Zhang L, Li YG, Li YH, Qi L, Liu XG, Yuan CZ, Hu NW, Ma DX, Li ZF, Yang Q et al: Increased 
frequencies of Th22 cells as well as Th17 cells in the peripheral blood of patients 
with ankylosing spondylitis and rheumatoid arthritis. PLoS One 2012, 7(4):e31000. 

18. Haynes MK, Hume EL, Smith JB: Phenotypic characterization of inflammatory cells 
from osteoarthritic synovium and synovial fluids. Clin Immunol 2002, 105(3):315-
325. 

19. Guo SY, Ding YJ, Li L, Zhang T, Zhang ZZ, Zhang ES: Correlation of CD(4)(+) CD(2)(5)(+) 
Foxp(3)(+) Treg with the recovery of joint function after total knee replacement in 
rats with osteoarthritis. Genet Mol Res 2015, 14(3):7290-7296. 

20. Kurowska-Stolarska M, Alivernini S: Synovial tissue macrophages: friend or foe? RMD 
Open 2017, 3(2):e000527. 

21. Shi C, Pamer EG: Monocyte recruitment during infection and inflammation. Nat Rev 
Immunol 2011, 11(11):762-774. 

22. Culemann S, Gruneboom A, Nicolas-Avila JA, Weidner D, Lammle KF, Rothe T, 
Quintana JA, Kirchner P, Krljanac B, Eberhardt M et al: Locally renewing resident 
synovial macrophages provide a protective barrier for the joint. Nature 2019, 
572(7771):670-675. 

23. Mora JC, Przkora R, Cruz-Almeida Y: Knee osteoarthritis: pathophysiology and 
current treatment modalities. J Pain Res 2018, 11:2189-2196. 

24. Blaker CL, Clarke EC, Little CB: Using mouse models to investigate the 
pathophysiology, treatment, and prevention of post-traumatic osteoarthritis. J 
Orthop Res 2017, 35(3):424-439. 

25. Zaki S, Blaker CL, Little CB: OA foundations - experimental models of osteoarthritis. 
Osteoarthritis Cartilage 2022, 30(3):357-380. 

26. Christiansen BA, Guilak F, Lockwood KA, Olson SA, Pitsillides AA, Sandell LJ, Silva MJ, 
van der Meulen MCH, Haudenschild DR: Non-invasive mouse models of post-
traumatic osteoarthritis. Osteoarthritis and cartilage 2015, 23(10):1627-1638. 

27. Percie du Sert N, Ahluwalia A, Alam S, Avey MT, Baker M, Browne WJ, Clark A, Cuthill 
IC, Dirnagl U, Emerson M et al: Reporting animal research: Explanation and 
elaboration for the ARRIVE guidelines 2.0. PLoS Biol 2020, 18(7):e3000411. 

28. NHMRC: Australian code for the care and use of animals for scientific purposes, 8th 
edition edn: National Health and Medical Research Council; Canberra, Australlia; 
2013. 

29. Glasson SS, Blanchet TJ, Morris EA: The surgical destabilization of the medial 
meniscus (DMM) model of osteoarthritis in the 129/SvEv mouse. Osteoarthritis 
Cartilage 2007, 15(9):1061-1069. 

30. Kamekura S, Hoshi K, Shimoaka T, Chung U, Chikuda H, Yamada T, Uchida M, Ogata N, 
Seichi A, Nakamura K et al: Osteoarthritis development in novel experimental mouse 
models induced by knee joint instability. Osteoarthritis Cartilage 2005, 13(7):632-
641. 

31. Christiansen BA, Anderson MJ, Lee CA, Williams JC, Yik JH, Haudenschild DR: 
Musculoskeletal changes following non-invasive knee injury using a novel mouse 
model of post-traumatic osteoarthritis. Osteoarthritis Cartilage 2012, 20(7):773-782. 



 95 

32. Blaker CL, Little CB, Clarke EC: Joint loads resulting in ACL rupture: Effects of age, sex, 
and body mass on injury load and mode of failure in a mouse model. J Orthop Res 
2016. 

33. Blaker CL, Little CB, Clarke EC: Joint loads resulting in ACL rupture: Effects of age, sex, 
and body mass on injury load and mode of failure in a mouse model. Journal of 
Orthopaedic Research 2017, 35(8):1754-1763. 

34. Jackson MT, Moradi B, Zaki S, Smith MM, McCracken S, Smith SM, Jackson CJ, Little 
CB: Depletion of protease-activated receptor 2 but not protease-activated receptor 
1 may confer protection against osteoarthritis in mice through extracartilaginous 
mechanisms. Arthritis Rheumatol 2014, 66(12):3337-3348. 

35. Little CB, Barai A, Burkhardt D, Smith SM, Fosang AJ, Werb Z, Shah M, Thompson EW: 
Matrix metalloproteinase 13-deficient mice are resistant to osteoarthritic cartilage 
erosion but not chondrocyte hypertrophy or osteophyte development. Arthritis 
Rheum 2009, 60(12):3723-3733. 

36. Shu CC, Jackson MT, Smith MM, Smith SM, Penm S, Lord MS, Whitelock JM, Little CB, 
Melrose J: Ablation of Perlecan Domain 1 Heparan Sulfate Reduces Progressive 
Cartilage Degradation, Synovitis, and Osteophyte Size in a Preclinical Model of 
Posttraumatic Osteoarthritis. Arthritis Rheumatol 2016, 68(4):868-879. 

37. Zaki S, Smith MM, Smith SM, Little CB: Differential patterns of pathology in and 
interaction between joint tissues in long-term osteoarthritis with different initiating 
causes: phenotype matters. Osteoarthritis Cartilage 2020, 28(7):953-965. 

38. Haubruck P, Colbath AC, Liu Y, Stoner S, Shu C, Little CB: Flow Cytometry Analysis of 
Immune Cell Subsets within the Murine Spleen, Bone Marrow, Lymph Nodes and 
Synovial Tissue in an Osteoarthritis Model. J Vis Exp 2020(158). 

39. Roederer M: Compensation in Flow Cytometry. Current Protocols in Cytometry 2002, 
22(1):1.14.11-11.14.20. 

40. Shu CC, Zaki S, Ravi V, Schiavinato A, Smith MM, Little CB: The relationship between 
synovial inflammation, structural pathology, and pain in post-traumatic 
osteoarthritis: differential effect of stem cell and hyaluronan treatment. Arthritis Res 
Ther 2020, 22(1):29. 

41. Haubruck P, Heller R, Blaker CL, Clarke EC, Smith SM, Burkhardt D, Liu Y, Stoner S, Zaki 
S, Shu CC et al: Streamlining quantitative joint-wide medial femoro-tibial 
histopathological scoring of mouse post-traumatic knee osteoarthritis models. 
Osteoarthritis and Cartilage 2023, Accepted for publication. 

42. Little CB, Hunter DJ: Post-traumatic osteoarthritis: from mouse models to clinical 
trials. Nat Rev Rheumatol 2013, 9(8):485-497. 

43. Nieboer MF, Reijman M, Wesdorp MA, Bastiaansen-Jenniskens YM, Meuffels DE: 
Improved Understanding of the Inflammatory Response in Synovial Fluid and Serum 
after Traumatic Knee Injury, Excluding Fractures of the Knee: A Systematic Review. 
Cartilage 2023, 14(2):198-209. 

44. Khella CM, Asgarian R, Horvath JM, Rolauffs B, Hart ML: An Evidence-Based 
Systematic Review of Human Knee Post-Traumatic Osteoarthritis (PTOA): Timeline 
of Clinical Presentation and Disease Markers, Comparison of Knee Joint PTOA 
Models and Early Disease Implications. Int J Mol Sci 2021, 22(4). 

45. Poulet B, de Souza R, Kent AV, Saxon L, Barker O, Wilson A, Chang YM, Cake M, 
Pitsillides AA: Intermittent applied mechanical loading induces subchondral bone 



 96 

thickening that may be intensified locally by contiguous articular cartilage lesions. 
Osteoarthritis Cartilage 2015, 23(6):940-948. 

46. Christiansen BA, Guilak F, Lockwood KA, Olson SA, Pitsillides AA, Sandell LJ, Silva MJ, 
van der Meulen MC, Haudenschild DR: Non-invasive mouse models of post-traumatic 
osteoarthritis. Osteoarthritis Cartilage 2015, 23(10):1627-1638. 

47. Maerz T, Kurdziel M, Newton MD, Altman P, Anderson K, Matthew HW, Baker KC: 
Subchondral and epiphyseal bone remodeling following surgical transection and 
noninvasive rupture of the anterior cruciate ligament as models of post-traumatic 
osteoarthritis. Osteoarthritis Cartilage 2016, 24(4):698-708. 

48. Maerz T, Newton MD, Kurdziel MD, Altman P, Anderson K, Matthew HW, Baker KC: 
Articular cartilage degeneration following anterior cruciate ligament injury: a 
comparison of surgical transection and noninvasive rupture as preclinical models of 
post-traumatic osteoarthritis. Osteoarthritis Cartilage 2016, 24(11):1918-1927. 

49. Adebayo OO, Ko FC, Goldring SR, Goldring MB, Wright TM, van der Meulen MCH: 
Kinematics of meniscal- and ACL-transected mouse knees during controlled tibial 
compressive loading captured using roentgen stereophotogrammetry. Journal of 
orthopaedic research : official publication of the Orthopaedic Research Society 2017, 
35(2):353-360. 

50. Blaker CL, Ashton DM, Doran N, Little CB, Clarke EC: Sex- and injury-based differences 
in knee biomechanics in mouse models of post-traumatic osteoarthritis. J Biomech 
2021, 114:110152. 

51. Brophy RH, Rai MF, Zhang Z, Torgomyan A, Sandell LJ: Molecular analysis of age and 
sex-related gene expression in meniscal tears with and without a concomitant 
anterior cruciate ligament tear. J Bone Joint Surg Am 2012, 94(5):385-393. 

52. Brophy RH, Rothermich MA, Tycksen ED, Cai L, Rai MF: Presence of meniscus tear 
alters gene expression profile of anterior cruciate ligament tears. J Orthop Res 2018, 
36(10):2612-2621. 

53. Holers VM, Frank RM, Clauw A, Seifert J, Zuscik M, Asokan S, Striebich C, Clay MR, 
Moreland LW, Banda NK: Potential causal role of synovial complement system 
activation in the development of post-traumatic osteoarthritis after anterior 
cruciate ligament injury or meniscus tear. Frontiers in immunology 2023, 14:1146563. 

54. Kim-Wang SY, Holt AG, McGowan AM, Danyluk ST, Goode AP, Lau BC, Toth AP, 
Wittstein JR, DeFrate LE, Yi JS et al: Immune cell profiles in synovial fluid after 
anterior cruciate ligament and meniscus injuries. Arthritis Res Ther 2021, 23(1):280. 

55. Ishii H, Tanaka H, Katoh K, Nakamura H, Nagashima M, Yoshino S: Characterization of 
infiltrating T cells and Th1/Th2-type cytokines in the synovium of patients with 
osteoarthritis. Osteoarthritis and Cartilage 2002, 10(4):277-281. 

56. Rosshirt N, Hagmann S, Tripel E, Gotterbarm T, Kirsch J, Zeifang F, Lorenz HM, Tretter 
T, Moradi B: A predominant Th1 polarization is present in synovial fluid of end-stage 
osteoarthritic knee joints: analysis of peripheral blood, synovial fluid and synovial 
membrane. Clinical & Experimental Immunology 2019, 195(3):395-406. 

57. Ye X, Lu Q, Yang A, Rao J, Xie W, He C, Wang W, Li H, Zhang Z: MiR-206 regulates the 
Th17/Treg ratio during osteoarthritis. Molecular Medicine 2021, 27(1):64. 

58. Raziyeva K, Kim Y, Zharkinbekov Z, Kassymbek K, Jimi S, Saparov A: Immunology of 
Acute and Chronic Wound Healing. Biomolecules 2021, 11(5). 

59. Koksoy S, Sahin Z, Karsli B: Comparison of the effects of desflurane and bupivacaine 
on Th1 and Th2 responses. Clin Lab 2013, 59(11-12):1215-1220. 



 97 

60. Brand DD, Kang AH, Rosloniec EF: Immunopathogenesis of collagen arthritis. Springer 
Semin Immunopathol 2003, 25(1):3-18. 

61. Buzás EI, Végvári A, Murad YM, Finnegan A, Mikecz K, Glant TT: T-cell recognition of 
differentially tolerated epitopes of cartilage proteoglycan aggrecan in arthritis. Cell 
Immunol 2005, 235(2):98-108. 

62. Nees TA, Zhang JA, Platzer H, Walker T, Reiner T, Tripel E, Moradi B, Rosshirt N: 
Infiltration Profile of Regulatory T Cells in Osteoarthritis-Related Pain and Disability. 
Biomedicines 2022, 10(9). 

63. Keller LE, Tait Wojno ED, Begum L, Fortier LA: T Helper 17-Like Regulatory T Cells in 
Equine Synovial Fluid Are Associated With Disease Severity of Naturally Occurring 
Posttraumatic Osteoarthritis. Am J Sports Med 2023, 51(4):1047-1058. 

64. Boldizsar F, Tarjanyi O, Nemeth P, Mikecz K, Glant TT: Th1/Th17 polarization and 
acquisition of an arthritogenic phenotype in arthritis-susceptible BALB/c, but not in 
MHC-matched, arthritis-resistant DBA/2 mice. Int Immunol 2009, 21(5):511-522. 

65. Stoop JN, Tibbitt CA, van Eden W, Robinson JH, Hilkens CM: The choice of adjuvant 
determines the cytokine profile of T cells in proteoglycan-induced arthritis but does 
not influence disease severity. Immunology 2013, 138(1):68-75. 

66. Lin SL, Castaño AP, Nowlin BT, Lupher ML, Duffield JS: Bone Marrow 
Ly6C&lt;sup&gt;high&lt;/sup&gt; Monocytes Are Selectively Recruited to Injured 
Kidney and Differentiate into Functionally Distinct Populations. The Journal of 
Immunology 2009, 183(10):6733. 

67. Conti P, DiGioacchino M: MCP-1 and RANTES are mediators of acute and chronic 
inflammation. Allergy Asthma Proc 2001, 22(3):133-137. 

68. Watt FE, Paterson E, Freidin A, Kenny M, Judge A, Saklatvala J, Williams A, Vincent TL: 
Acute Molecular Changes in Synovial Fluid Following Human Knee Injury: 
Association With Early Clinical Outcomes. Arthritis Rheumatol 2016, 68(9):2129-
2140. 

69. Scanzello CR, McKeon B, Swaim BH, DiCarlo E, Asomugha EU, Kanda V, Nair A, Lee DM, 
Richmond JC, Katz JN et al: Synovial inflammation in patients undergoing 
arthroscopic meniscectomy: molecular characterization and relationship to 
symptoms. Arthritis Rheum 2011, 63(2):391-400. 

70. Yuan GH, Masuko-Hongo K, Sakata M, Tsuruha J, Onuma H, Nakamura H, Aoki H, Kato 
T, Nishioka K: The role of C-C chemokines and their receptors in osteoarthritis. 
Arthritis Rheum 2001, 44(5):1056-1070. 

71. Gordon S, Martinez FO: Alternative activation of macrophages: mechanism and 
functions. Immunity 2010, 32(5):593-604. 

72. Sica A, Mantovani A: Macrophage plasticity and polarization: in vivo veritas. J Clin 
Invest 2012, 122(3):787-795. 

73. Zhang H, Cai D, Bai X: Macrophages regulate the progression of osteoarthritis. 
Osteoarthritis Cartilage 2020, 28(5):555-561. 

74. Cui J, Chen Y, Wang HY, Wang RF: Mechanisms and pathways of innate immune 
activation and regulation in health and cancer. Hum Vaccin Immunother 2014, 
10(11):3270-3285. 

75. Hume DA: The Many Alternative Faces of Macrophage Activation. Front Immunol 
2015, 6:370. 

76. Murray PJ: Macrophage Polarization. Annu Rev Physiol 2017, 79:541-566. 
  



 98 

Figure 1: Results of histopathological scoring of medial tibial and femoral cartilage and 

subchondral bone. Panel A shows combined tibiofemoral cartilage damage over time. Panel   

B visualizes the combined osseous and cartilage damage over time. Panel C shows the bony 

remodeling with a combined osteophyte and enthesophyte score. Panel D shows the 

subchondral bone sclerosis. E shows sample histological images of progression of OA. The 

scale bar shows a width of 2.5mm. Data is presented as median ± 95% CI and n = 12 

animals/group/time point.  

 

Figure 2: Results of the histopathological scoring of synovial inflammation over time. A shows 

the combined total synovitis, while B focuses on the synovial hyperplasia itself and C 

visualizes the extent of sub-synovial immune cell infiltration, whereas D depicts the bone 

erosion with pannus. E shows sample histological images of synovial inflammation in 

osteoarthritic animals. The scale bar shows a width of 500µm. Data is presented as median ± 

95% CI and n = 12 animals/group/time point. 

 

Figure 3: Results of the flow cytometry experiments of the synovial tissue block. Panel A-C 

visualize the adaptive immune response after joint injury and for respective controls. A shows 

the percentage of CD4+ T-helper cells of all T-cells in the synovial tissue block over time. 

Furthermore, the Th1/Th2 ratio is shown in panel B and the Th17/Treg ratio is shown in C. 

Panel D-G focus on the innate immune response during onset and development of OA as well 

as in the respective control groups. Panel D focuses on the Ly6Chigh classically activated 

monocytes, while panel E shows the influx of macrophages that originated in the blood from 

monocytes. Panel F shows the polarization of macrophages that originated from blood 

monocytes. Polarization is shown as a ratio between either M1:M2 macrophages. Panel G 
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shows this polarization in synovial tissue resident macrophages (STRM). Data is presented as 

mean ± SEM and n = 6 biological replicates (pool of tissues from 2 mice)/group/time point. 

Figure 4: Results of the flow cytometry experiments of the draining lymph nodes. Panel A and 

B on the left-hand side show the innate immune response and Panel C and D show the adaptive 

immune response. Panel A shows the influx of Ly6Chigh monocytes into the lymph node while 

panel B shows the M1/M2 polarization of macrophages over time. Regarding the adaptive 

immune response panel C shows the Th1/Th2 ratio of T-cells in the lymph node while panel D 

shows the Th17/Treg ratio. Data is presented as mean ± SEM and n = 6 biological replicates 

(pool of tissues from 2 mice)/group/time point. 

 

Figure 5: Results of the flow cytometry experiments of the systemic secondary immune tissues 

contralateral bone marrow (BM) and spleen (Sp). Panel A-D show the innate immune response. 

The expression pattern of Ly6Chigh monocytes is shown in bone marrow (A) and spleen (B) 

while the M1/M2 ratio is shown for bone marrow (C) and the spleen (D). Panel E-H show the 

adaptive immune response after joint injury. The Th1/Th2 ratio in both bone marrow (E) and 

spleen (F) are visualized as well as the Th17/Treg ratio in the same tissues (bone marrow panel 

G and spleen panel H). Data is presented as mean ± SEM and n = 6 biological replicates (pool 

of tissues from 2 mice)/group/time point. 

 

Figure 6: Fold differences were calculated between OA mice and their respective controls for 

both pro- and anti-inflammatory immune cells and results given for all three OA models as 

well as for all tissues over time. N = 6 biological replicates (pool of tissues from 2 

mice)/group/time point. 
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Supplementary Figure 1: The hierarchical gating strategy used for analysing single cell 

suspensions via flow cytometry including the utilized antibodies is shown for the intra- and 

extracellular T-cell panel. ACLR mice derived spleen cells 1 day after injury were used as an 

example. 

 

Supplementary Figure 2: The hierarchical gating strategy used for analysing single cell 

suspensions via flow cytometry including the utilized antibodies is shown for the extracellular 

myeloid panel. ACLR mice derived spleen cells 1 day after injury were used as an example.  
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Figure 4: 
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Figure 5: 
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Figure 6: 
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Supplementary Figure 1: 
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Supplementary Figure 2:  
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Supplementary Table 1:  

Details for each antibody used in each of the two panels are given. In addition, information is 

provided for the relevant buffers used.  

 

Supplementary Tables 2-6:  

The detailed p-values for Figures 1-6 are given. Yellow highlighted fields mark a statistically 

significant difference (p<0.05) 
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3.3  Main Findings of the Study 
 

In this study we compared the loco-regional and systemic innate and adaptive inflammatory 

cell responses in three of the most commonly used mouse models of ptOA: DMM, ACLT and 

ACLR. Using these models allowed detailed temporal evaluation and direct comparison with 

non-OA-inducing injuries (SHAM, ACLS) not possible in human clinical studies, as well as 

the ability to explore the effect of injury to different joint-tissues (DMM vs ACLT) and surgery 

itself (ACLT vs ACLR) on the severity and phenotype of the inflammatory response. The key 

findings of these analyses were that: (1) non-critical/sprain loading injury (ACLS) does not 

incite a significant loco-regional or systemic immune/inflammatory activation; (2) while 

surgery alone induced acute synovial (but not lymph-node or systemic) inflammation this 

resolved rapidly (by day-28 histology; by day-7 innate and by day-3 adaptive response), and 

there was minimal difference between surgical and non-surgical models (ACLT vs ACLR) in 

the magnitude or phenotype of the loco-regional and systemic innate and adaptive response; 

(3) however, there was a distinct temporal difference in the loco-regional and systemic innate 

and adaptive response depending of the joint-tissue injury (DMM vs ACLT).  

 

The data from this study indicates a distinct spatiotemporal Th1 and Th 17 response that occurs 

predominantly on a locoregional (synovial tissue block and draining lymph node) level. 

Furthermore, while the Th1 response subsides gradually once the cartilage damage has reached 

its maximum, Th17 cells seem to be continuously accumulating in the synovial tissue. 

Importantly, model-specific temporal differences in both Th1/Th2 and Th17/Treg indicated a 

major effect of the joint-tissue injured. In contrast to the late-stage decrease of Th1 levels 

observed in our study, high Th1 levels were found in clinical synovial samples of end-stage 

osteoarthritic knee joints (Rosshirt, N. et al. 2019). This might be attributed to the fact that the 

extent of cartilage damage in ptOA mouse model exceeds the extent found in clinical studies 

and such a “maximum cartilage damage” is only rarely encountered in patients.  

 

On an innate immune level, joint injury led to a distinct pattern of Ly6Chigh monocytes across 

tissues. In particular, a short depletion of classical activated monocytes was detected in the 

bone marrow and spleen whereas an influx was seen in the synovial tissue itself which can be 

explained by a targeted recruitment of systemic Ly6Chigh monocytes into the injured joint. As 

extravasated classically activated monocytes follow the monocyte waterfall when 
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differentiating into tissue macrophages, this observation is also supported by an initial acute 

transient BOM influx into the joint of ptOA mice. The lack of this influx in SHAM animals 

indicates an important role of chemokines (MCP-1/CCL-2) synthesized and released from cells 

acutely injured in ACL, meniscus or cartilage, that potentially orchestrate the innate immune 

response subsequent to joint injury and thereafter during progression of ptOA.  

 

Taken together this data indicates a predominant loco-regional and limited systemic response 

to joint injury, with the magnitude and duration of the initial transient increase in activated-

monocyte and M1 macrophages (with a potential role of orchestrating chemokines such as 

MCP-1), and both acute and long-term Th1 and Th17 T-cell response differentiating pt-OA-

inducing from non-ptO-inducing injury. Importantly, what you injure (ACL vs meniscus) 

rather than how you injure it (surgery vs non-surgical) determines the temporal pattern and 

systemic involvement of both the innate and adaptive immune response and the structural ptOA 

progression and severity.   
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Chapter 4 
 
 
4 Evaluation of a Distinct Molecular Activation 
Pathway for the Adaptive Immune Response in 
Context with ptOA 
 

 

4.1  Aim of the Study 
 

In Chapter 3 we observed a skewed pro-inflammatory imbalance dominated by increased 

levels of Th1 and Th17 cells during pathogenesis of ptOA. A potential pathway contributing 

towards the co-overexpression of these T-helper cell subsets is the IL12 pathway. IL12 itself 

is an interleukin that stimulates polarization of Th1 cells, however its IL12B subunit is shared 

with IL23 which promotes polarization of Th17 cells. Thus, in order to investigate the 

individual impact of CD4+ T-helper cell subsets on the pathogenesis of ptOA we investigated 

the effects of inhibiting either IL12, or IL12/23 or all CD4+ T-helper cells in the immediate 

peri-injury period (prior to and immediately following joint injury) as a proof-of-principle 

study. Furthermore, in vitro experiments were included to analyse potential molecular 

pathways of T-cell activation.   

 

4.2 Drafted Manuscript for Submission: Characterizing 

the Role of the IL12/23 Pathway during Onset and 

Progression of ptOA. 
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Introduction: 

Osteoarthritis (OA) of the knee remains common and results in disability and chronic pain for 

the affected individual as well as substantial healthcare and productivity costs for society [1]. 

OA contributes substantially to the global burden of disease and was the second highest cause 

for years lived with disability in 2015 [1]. Importantly knee OA (KOA) contributes to almost 

80% of this disease burden [2], and disease following traumatic joint injury (post-traumatic 

(pt)OA) accounts for at least 12% of all cases of symptomatic KOA [3, 4]. A recent longitudinal 

cohort study showed that knee injury, such as ACL or meniscus tear, at a young age increased 

the risk of developing ptOA almost sixfold [5], and restoration of biomechanics alone is 

insufficient to prevent ptOA development [6, 7]. This highlights the need to investigate other 

mechanisms associated with ptOA risk, and inflammatory or immunobiological differences in 

the response to injury could play a role [8-10]. Although evidence has emerged regarding a 

crucial inflammatory component contributing to ptOA development [8-12], the role of 

individual molecular and cellular key players needs to be defined in order to identify potential 

targets for novel and preventative treatment modalities.  

Findings from recent studies have shown significant abnormalities in the T-cell profile of OA 

patients and implicated a crucial role for proinflammatory CD4+ T-helper cell subsets, 

particularly Th1 and Th17, in the disease pathogenesis [13]. In particular, a skewed 

proinflammatory differentiation towards Th1 cells was observed in the synovial fluid and 

membrane of early OA patients [14]. Furthermore, not only are Th1 cells predominant in both 

OA and RA joints [15] but also the number of circulating Th1 cells is significantly higher in 

OA patients compared to healthy controls [16]. Initially, Th17 cells were mainly implicated in 

the development of autoimmune disease [13] whereas recent studies have shown that these 

cells and associated interleukin (IL)17 are elevated in the synovial fluid of OA patients 

compared with healthy controls and a strong expression of IL17 mRNA was detected in OA 
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synovial membranes [13]. However, the individual contribution of either Th1 or Th17 cells in 

ptOA as well as what leads to their activation remains poorly understood.  

IL12 is known for its proinflammatory role and the promotion of Th1 differentiation of CD4+ 

T-helper cells [17]. IL12 itself consists of two subunits, the p40 subunit is shared with IL23, a 

cytokine that drives Th17 differentiation [17]. Earlier studies have indicated that IL12 plays a 

crucial role in inducing a shift towards polarisation of rheumatoid T-cells expressing a Th1 

cytokine profile [18]. Despite their shared subunit, emerging evidence has proposed a diverging 

role for IL12 and IL23 in auto-immune joint inflammation [19]. In particular, IL23 deficiency 

protected mice from the development of joint and bone pathology in the collagen-induced-

arthritis RA-model, while IL12 deficient mice developed higher levels of IL17 producing T-

cells and a more distinct pro-inflammatory cytokine profile [19]. While compelling evidence 

exists highlighting the importance of the IL12/23 pathway during the development of RA and 

auto-immune joint inflammation, to date the role of this pathway in ptOA is unknown. In the 

current study we sought to decipher the role of the IL12/23 pathway in the onset and 

development of ptOA, and furthermore investigate if inhibition of individual aspects of this 

pathway may serve as potential targets for disease modification.   
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Materials and Methods 

Animals and Study Design 

All experiments were approved by the Northern Sydney Local Health District Animal Ethics 

Committee (protocol RESP20/083), with DEPART and ARRIVE guidelines followed for 

experimental design and reporting [20, 21]. For all experiments a total of 468 10-12-week-old, 

male C57BL/6 mice were utilized, with mice housed in individually-ventilated cages (up to 

5/cage) with commercial bedding, environmental enrichment (perspex housing, wooden sticks, 

tissues), ad-libitum access to standard pelleted mouse feed and acidified water, in a dedicated 

SPF vivarium maintained at 20-22 °C with 12-hour light/dark cycles, and cared for in 

accordance with the Australian code [22]. An overview over the study design, sample size per 

experiment and the allocation of animals is provided in Figure 1. Animals housed in the same 

cage were randomly assigned to each set of experiments but all animals in the cage were 

sacrificed at the same time (see below) to avoid isolation stress.  

 

Animal models 

In the current study a total of 3 groups were included. A non-surgical ACL rupture (ACLR) 

model [23, 24] was used to induce ptOA without the confounding inflammation of an initial 

operative trauma. Here, a single compressive load was applied to the tibia of the flexed knee 

resulting in posterior subluxation of the femur and ACL rupture without additional 

macroscopic damage to other structures within the joint [24], with subsequent rapid onset and 

progression of joint-wide ptOA pathology [25] (see also Chapter 2.2.2.2). Controls included 

animals that received a single compressive load to 75% of that required to rupture the ACL. 

This resulted in an ACL sprain (ACLS) that while inducing minor focal osteochondral damage 

and ACL remodeling does not cause progressive ptOA pathology [24, 26]. The day of injury 

was defined as day 0 of the experiments with treatments (day -1, 1, and 3) and tissue harvest 



 123 

(day 1, week-1, -4 or -6) named accordingly. Animals harvested at day-1 only received the 

treatment prior to injury. Finally, naïve mice were included that served as non-operated 

age/time-point controls (NOC) in a subgroup of experiments.  

 

In vitro experiments 

Inguinal, sacral and iliac lymph-nodes were harvested from 10-week-old male C57BL/6 mice 

and naïve CD4+ T-helper cells immediately isolated as per manufacturer instructions (Naïve 

CD4+ T-Cell Isolation Kit, mouse, Miltenyi Biotec, cat #130-104-453). Thereafter, 0.5x106 

cells were distributed in each well of a 24-well plate and 2ml of standard cell culture media 

(88.9% RPMI-1640, 10% HI-FBS, 1%PS, 0.1% AmpB, 2mM L-Glutamine, 0.05mM 2-ME) 

containing particles loaded with antibodies against CD3 and CD28 added (T-Cell 

Activation/Expansion Kit, mouse, Miltenyi Biotec, cat #130-093-627). A synovial tissue block 

(as normally harvested for Flow Cytometry [27]) or tibial plateau (tibial epiphysis isolated by 

dissection through the proximal tibial growth plate with removal of joint capsule, fatty tissue, 

meniscus and ligament attachments) from mice 1-week post-ACLR or age-matched NOCs 

were harvested immediately after sacrifice and co-cultured with activated T-cells for 72 hours. 

Additionally, Apilimod/STA-5326 (Selleck Chemicals, catalogue #S0785; a potent inhibitor 

of IL12 and IL23 production via direct targeting of PIKfyve [28, 29] [30]), at a final 

concentration of 10nM was added to half the samples. Four replicates were used for each 

experiment. Cultures containing either the individual joint tissue or naïve CD4+ T-helper cells 

alone were included as controls. After 72 hours of co-culture, CD4+ T-cells and supernatant 

were harvested and stored at -80°C separately until analysis.  

 

In-vivo experiments 
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Intraperitoneal injections using 500µg of either anti-CD4 mAB (InVivoMAb anti-mouse CD4, 

BioXCell, catalogue  #BE0003), anti-IL12p40 (InVivoMAb anti-mouse IL12p40, BioXCell, 

catalogue  #BE0051; inhibiting IL12 and IL23 and both Th1/Th17 differentiation), anti-

IL12p75 (InVivoMAb anti-mouse IL12p75, BioXCell, catalogue  #BE0233; inhibiting IL12 & 

Th1 differentiation predominantly) were performed at day -1, 1 and 3, while control animals 

received sterile saline injections with the same volume. ACLR was performed at day 0 and 

tissues harvested at various time points thereafter as described above.  

 

Flow cytometry 

Blood (terminal cardiac puncture under general anaesthesia), contralateral femoral bone 

marrow, draining lymph-nodes (pooled inguinal and iliac lymph-nodes) and synovial tissue 

were harvested from all animals included in the proteinic in-vivo experiments (Fig. 1) as 

described [27]. Tissues were pooled from two animals to increase cell numbers per sample 

resulting in n=6 biological replicates for each tissue-source at each time point in each animal 

group. The detailed protocol regarding the harvest of tissues and preparation of single cell 

solutions and the utilized multi-color antibody panel has been published previously [27] (see 

Table S1 for list of used antibodies, in addition see also Chapter 2.2.2.1 and 3.2).  

 

Gene Expression Analysis  

Synovial tissue and tibial plateau were harvested day-1, week-1, -4 and -6 (or equivalent time 

in NOCs; Fig. 1 “Genomic Experiments”) and immediately snap frozen in liquid nitrogen and 

stored at -80C until further processing. Following cell culture as described above T-cells were 

separated from the culture supernatant via centrifugation. Total RNA was isolated (cells -  

Isolate II RNA Isolation Kit, Bioline cat# BIO-52073; tissue (freeze pulverized): RNeasy 

Micro Kit, Qiagen cat# 74004; following manufacturer’s protocols), quantified using 
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Nanodrop and then an equal quantity (1ug) RNA reverse transcribed for all samples (GoScript 

RT kit, Promega cat# A2791) as previously described [31-34]. Primers were designed using 

MacVector (see Table S2 for details regarding individual primers) and PCR specificity 

confirmed by product sequencing and melt-curve analysis [31-34].  

 

Luminex 

After separation from cells, culture supernatant was store at -80C until analysis. Concentrations 

of T-cell specific chemokines and cytokines in culture supernatant was analyzed using a 

dedicated multiplex bead assay and sample preparation as per manufacturer instructions 

(Mouse Th17 Magnetic Bead Panel, Milipore, cat #MTH17MAG-47K, #MT17MAG47K-

PX25, #MT17MAG47PMX25BK). 

 

Histopathological scoring 

After removal of the anterior synovium (for flow cytometry) knee joints were fixed, 

decalcified, paraffin-embedded, and serial sagittal sections across the medial femoro-tibial 

joint cut and stained with toluidine blue-fast green as previously described [32, 33, 35]. 

Utilizing a modified single slide scoring system ([36] and Chapter 2.2.2.2) femoral and tibial 

cartilage and structural damage, tibial and femoral chondrocyte hypertrophy and apoptosis, 

posterior fibrotic changes to joint capsule, and posterior femoral synovitis, were determined by 

a single trained observer (PH) blinded to time and treatment (n = 9 mice/group/time point). 

Finally, median values for each histopathological feature for each group and time point were 

generated and compared. 

 

  



 126 

Statistics 

The individual histology-outcomes were considered as categorical and independent variables, 

as prior analysis demonstrates they change differentially and with distinct temporal patterns in 

different OA models [36], and are independently modified in response to treatment/genetic-

modification [32-35, 37]. Non-parametric analyses (Kruskal-Wallis and Mann-Whitney-U) 

were used to assess differences between groups for all histological outcomes at each post-injury 

timepoint. Histological data is presented as median ± error. Flow cytometry and PCR data is 

presented as mean ± standard error of the mean (SEM). Two-way analysis of variance 

(ANOVA) with post-hoc Tukey’s correction for multiple comparisons was used to compare all 

individual variables. All statistical tests used an α-level of 0.05, and differences are marked as 

follows: p<0.05 (*), p<0.01 (**), p< 0.001 (***) and p< 0.0001 (****). All statistical 

calculations were performed with GraphPad Prism (Version 9.0.0). 
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Results 

OA inducing joint damage modulates synovial IL12A, IL12B and IL23A expression 

Expression of IL12A in the synovial tissue block was significantly lower in ACLR mice 

compared to naïve controls at all time points, and compared with ACLS from 7 days onwards 

(Fig 2B; no difference between NOC and ACLS as any time). Synovial expression of IL12B 

and IL23A were significantly higher in ACLR compared to both ACLS and NOC during the 

first 7 days. Peak synovial expression levels for both IL12B and IL23A were detected 1 day 

after injury and then decreased over time, although IL12B was increased again at week-6 in 

ACLR mice. Despite all three mRNAs being detected in the osteochondral (tibial plateau) 

tissue, there was no significant difference between groups at any time. Taken together these 

results indicate a potential role for the IL12/23 pathway associated genes early during ptOA 

onset and progression, while their point of origin seems to be located in the synovial tissue 

block rather than the bone or cartilage itself.  

 

Apilimod has an immunomodulatory effect on naïve CD4+ T-helper cells co-cultured with 

osteoarthritic murine joint tissue in vitro 

To further evaluate the role of the IL12/23, naïve CD4+ T-helper cells were co-cultured with 

synovium or tibial plateau from NOC or 1-week post-ACLR ± Apilimod. T-cell activation was 

evaluated by quantifying mRNA expression of IL12A, IL12B, IL23A, IL17A, RORC and 

TBX21, and secretion of INF-y, IL1ß, MIP3-a, IL23 (IL12 was below detection limits) and 

IL17A into the culture media (Fig 3A). Cultures of joint tissue without T-cells were used as 

negative control and protein levels observed in these controls subtracted from the co-cultures 

to account for release of proteins from synovial or osteochondral tissues. Co-culture of joint 

tissues from either ACLR or NOC and naïve CD4+ T-helper cells increased IFN gamma 

secretion which was significantly decreased via IL12/23 pathway blockage (Fig. 3B). Co-
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culture of naïve CD4+ T-helper cells and ACLR synovium or osteochondral tissue increased 

IL1-beta secretion compared with NOC, with this response significantly inhibited using 

Apilimod with synovium but not tibial plateau. MIP3-alpha and IL23 secretion were also 

elevated after co-culture with ACLR synovium or tibial plateau, but unlike IL1-beta the 

response to both joint tissues was significantly inhibited by Apilimod. Secretion of IL17A was 

significantly increased exclusively when co-culturing ACLR synovium and naïve CD4+ T-

helper cells, and this response was almost completely inhibited after administration of 

Apilimod.  

Further evaluation of T-cell activation and polarization was done using qPCR analysis, which 

confirmed a pro-inflammatory effect of OA (ACLR) compared with normal (NOC) joint 

tissues (Fig. 4). Expression of IL12A mRNA was not detected in T-cells co-cultured with 

synovium but an increase was indued by OA osteochondral tissue and this was partially 

inhibited by Apilimod. Increased IL12B and IL23A mRNA were detected in cells co-cultured 

with both ptOA synovium and cartilage and this was partially reversed by Apilimod. Consistent 

with IL17A protein levels (Fig 3), IL17A mRNA expression was predominantly increased in 

CD4+ T-helper cells incubated with OA synovium and was inhibited by Apilimod. Expression 

of RORC (which encodes RORy a crucial transcription factor for the polarization of Th17 cells 

[38]), and Tbx21 (a master regulator of Th1 polarization [39]), were also predominantly 

increased by co-culture with ptOA synovium and could be inhibited by Apilimod. Taken 

together, data from the multiplex analysis and T-cell gene expression, indicated that while both 

OA and naïve joint tissues led to a pro-inflammatory response (increased IFN), only OA 

(ACLR) joint tissue induced a chemotactic response in T-cells (increased IL1-beta and MIP3-

alpha). Expression of IL12/IL23 is increased in T-cells exposed to OA joint tissues, but only 

ptOA synovium led to a Th17 polarization of naïve CD4+ T-helper cells and IL17 secretion. 

Importantly, all of these effects were regulated by the IL12/23 synthesis, suggesting this 
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pathway might play a crucial role in the onset and progression of ptOA and could be a viable 

therapeutic target.   

 

In-vivo inhibition of the IL12/23 pathway results in an anti-inflammatory response and 

mitigates injury induced ptOA 

Based on the temporal pattern of IL12/23 expression in ACLR synovium and the effect of this 

pathway on T-cell activation/polarization in vitro, we evaluated whether inhibition of IL12/23 

at the time of joint injury could modulate the inflammatory response and onset and progression 

of ptOA pathology in vivo. Polarization of immune cells systemically (blood and bone marrow; 

Fig 5) and loco-regionally (synovial tissue and draining lymph-node; Fig 6) were evaluated 

using an established flow cytometry multi-color panel and protocol [27] see Chapter 2.2.2.1 

and 3.2. 

Injection of anti-CD4 antibody led to a profound systemic depletion of T-helper cells lasting 4 

weeks before beginning to recover but still less than normal at week-6 (Fig. 5B). In contrast, 

there was no effect on blood CD4+ T-helper cell numbers with either anti-IL12p40 or anti-

IL12p75 administration and only a short-lived decrease in the bone marrow CD4+ T-helper 

cells at day-1 (anti-IL12p75) and day-7 (anti-IL12p40). While changes in polarization of 

systemic T-helper cells after anti-CD4 treatment could not be determined until week-6 due to 

cell depletion, at this time an anti-inflammatory profile (Th1/Th2 and Th17/Treg <1) was seen 

compared with saline. Anti-IL12p40 and anti-IL12p75 significantly reduced the systemic 

Th1/Th2 ratio (<1 and compared with saline), with the effect persisting for 4-6 weeks and 

largely similar with both antibodies (more rapid return to pro-inflammatory Th1/Th2 ratio in 

bone-marrow with anti-IL12p40). While both anti-IL12p40 and anti-IL12p75 led to a persistent 

decrease in Th17/Treg polarization (<1 and compared with saline) the effect was as expected 

more pronounced with anti-IL12p40 (targeting both IL12 and IL23). 
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Anti-CD4 antibody administration also led to a loco-regional reduction in T-helper cells, albeit 

the reduction in the synovium was less than in the draining lymph-node (Fig. 6) or systemically 

(Fig 5). While neither anti-IL12p40 and anti-IL12p75 led to CD4+ T-helper cell depletion in 

the lymph-node, both induced a transient (day-1) mild reduction in synovium that then 

rebounded (week-1), and with anti-IL12p40 synovial CD4+ T-helper cell numbers were 

increased relative to saline at week-6 (Fig 6B). Effects of all three antibodies on T-cell 

polarization in lymph-node was generally similar to that seen systemically, except for a more 

persistent decrease in Th1/Th2 with both anti-IL12p40 and anti-IL12p75. Persistence of CD4+ 

T-helper cells in synovium allowed the effect on T-cell polarization of anti-CD4 versus anti-

IL12p40 and anti-IL12p75 to be compared. A more distinct anti-inflammatory Th1/Th2 

polarization in the synovium was observed in the anti-IL12p40 and IL12p75 groups compared 

to the anti-CD4 group, but significant reduction persisted through week-6 with all antibodies.  

In contrast, despite ongoing systemic CD4+ T-helper cell depletion, anti-CD4 only led to a 

short-lived anti-inflammatory Th17/Treg polarization, while targeting IL12p40 and IL12p75 

in the peri-injury period resulted in a lasting anti-inflammatory response in the synovium. 

Finally, histopathological evaluation revealed that peri-injury immunomodulatory treatment, 

regardless of the antibody, significantly slowed/delayed cartilage and bone damage although 

ultimately reaching similar levels to saline (Fig. 7A). Interestingly, significantly less 

chondrocyte hypertrophy/apoptosis was observed after inhibition of the IL12/23 pathway 

compared to saline controls. Histopathological evaluation of synovial inflammation (Fig. 7B) 

showed a typical pattern of an acute increase and then resolution following ACLR in saline-

treated mice. All antibodies significantly abrogated synovial hyperplasia as well as overall 

synovitis during the first 7 days post injury, while 6 weeks post injury only anti-IL12p40/p75 

treatment resulted in continued synovitis reduction (albeit at a non-significant extent). Synovial 

fibrosis was only decreased by anti-IL12p40/p75 treatment, with a significant reduction lasting 
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between 7- and 28-days post-injury after which levels increased to be similar to both saline and 

anti-CD4 (Fig. 7C).  
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Discussion 

For more than two decades IL12/23 has been implicated in the pathogenesis of inflammatory 

arthritis. In a pre-clinical RA model, systemic suppression of IL12 reduced joint swelling and 

cell influx into the synovium, reduced IL1 beta and IFN gamma levels and restored 

chondrocyte function [40]. Clinically, elevated levels of IL12 were detected in patients with 

RA correlating with their disease activity score [41], and successful treatment of symptoms 

with disease modifying anti-rheumatoid arthritis drugs (DMARDs) was accompanied by 

decrease IL12 in synovial fluid and peripheral blood [42]. Ongoing clinical trials are evaluating 

the DMARD effect of directly targeting IL12 [43], with interest in the role of this pathway 

increasing. A recent study found a correlation between poorer knee function as well as 

increased knee pain and higher synovial IL12 levels [44]. In the current study we sought to 

evaluate the role of the IL12/23 pathway on Th1/Th2 and Th17/Treg CD4+ T-helper cell 

polarization during the onset and development of ptOA. We used different methods of IL12/23 

pathway modulation, in vitro and in-vivo experimental models, and compared effects in an 

established non-surgical ptOA mouse model to both naïve and non-OA-inducing joint-loading 

injury controls. Collectively our data suggests that the IL12/23 pathway plays a significant role 

in T-cell polarization that is central to ptOA pathogenesis and shows promise as a potential 

disease-modifying-osteoarthritis-drug (DMOAD) target.  

Interestingly, despite expression of IL12A mRNA (the subunit exclusive to IL12) being 

significantly reduced in the synovium during ptOA development in our study, blockade of  

IL12p75 (targeting IL12 not IL23) led to an anti-inflammatory T-helper cell subset profile, 

mitigated cartilage and chondrocyte damage, reduced synovitis and synovial fibrosis during 

development of ptOA. Thus, our data is corroborating previous findings made in RA [40] by 

strongly implicating IL12 in ptOA pathophysiology while suggesting regulation may be at the 

post-transcriptional level. Improved understanding of the IL12 pathway and the underlying 
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properties of the protein and gene itself has led to further research into the function of IL12B, 

the shared subunit between IL12 and IL23. A recent study showed that blockade of IL12B 

using a specific antibody (ustekinumab) resulted in a suppressed synovial inflammation via 

modulation of MAPK-ERK, Wnt and PI3K-Akt pathways, all implicated in OA pathogenesis 

[45], whereas higher production of IL12B led to a more distinct polarisation of Th1 and Th17 

cells in a reactive arthritis model [46]. Interestingly, dendritic cells were identified as the 

precise source for IL12B [46], which is consistent with the distinct expression pattern of IL12B 

exclusively in the synovium in the current study, as dendritic cells are abundantly present in 

the synovial tissue [47]. Additional data from a study investigating the role of IL12B in 

inflammation-mediated bone disorders showed that inhibition of IL12B via Apilimod 

treatment promoted bone formation and protected against aging-related bone loss, whereas this 

effect was not observed in IL12-/- mice, demonstrating the importance and unique role of IL12B 

as part of the IL23 pathway in inflammation mediated bone disease [48]. Further studies 

exploring the role of IL23 in the pathogenesis of inflammatory arthritis have demonstrated that 

IL23 deficient mice were protected against development of collagenase-induced inflammatory 

arthritis and lacked functional Th17 but not Th1 T-cell subsets [49]. Furthermore, IL23 has 

been shown to induce osteoclastogenesis, and subsequently blockade of IL23 not only 

alleviated inflammation but also bone destruction [49], and IL23 deficient mice were protected 

from inflammatory arthritis and associated pain [50].  

The above data demonstrates the importance of IL23, but whether the therapeutic efficacy of 

targeting IL23 is associated with its role in activating the IL17 pathway and its critical immune 

axis role and potential target for DMARDs continues to be investigated [51]. Pre-clinical 

studies found that cyclooxygenase inhibitors inhibited IL23-mediated neutrophil migration as 

well as suppressing IL23-induced IL17 production in a murine RA model [52]. Clinically, 

increased IL23 is associated with bone marrow lesions, however this effect was reserved to 
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female patients [53]. Despite this compelling evidence, clinical trials targeting IL23-IL17 axis 

have failed to show any efficacy in treating RA, however only the p19 subunit of IL23 has been 

targeted to date and not IL12B, and further studies are needed to explore this strategy [49]. In 

OA, evidence regarding the role of IL23 is limited, however a recent study found that serum 

levels of IL17A and IL23 were significantly higher in OA patients than healthy controls and a 

significant correlation between these levels and the WOMAC score was observed indicating a 

significant role for these cytokines in the development of OA [54]. This study was intended as 

a proof-of-principle study regarding a critical involvement of the IL12/23 pathway in the 

pathogenesis of ptOA after ACL injury. A subsequent study is needed to investigate if a post 

injury blockade of this axis shows a similar efficacy as in the current pre-/peri-injury treatment 

study. If so, then the IL12/23 is not only a factor driving ptOA pathogenesis but also a 

promising target for DMOADs. Prior to a potential translation from bench to bedside, 

beneficial routes of administration, optimal dosage and ideal therapeutical window need to be 

evaluated. The current study lays important groundwork as a first step in finding a new 

potential target for future DMOADs.  

 

Limitations 

In the current study IL12/23 pathway modulation was conducted prophylactically prior to joint 

injury as a proof of principle study investigating pathomechanisms and therefore results cannot 

be translated towards a therapeutical approach without further research. Studies are needed that 

determine a post-injury therapeutic window for administration as well as investigate if a local 

intraarticular therapy is sufficient or a systemic administration is needed. The current study 

purposefully only included a non-surgical rupture model (ACLR) due to previous findings 

showing joint-injury specific differences in the T-cell response (see Chapter 3.2), however 

future studies are needed that evaluate the influence of the IL12/23 pathway across ptOA 
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animal models deriving from differing injuries. Furthermore, the current study used only young 

male mice in order to keep groups homogenous, however, studies are needed that include other 

variables known to influence OA development (e.g. sex, age, metabolism). Additionally, we 

were unable to include pain outcome evaluation and comparisons because of the number of 

animals used across time points and experiments, but the effect of IL12/23 pathway modulation 

on pain should fall within the scope of a future study. Finally, mice in the current study had 

ongoing mechanical joint issues and the effect of IL12/23 pathway modulation in combination 

with restoration of biomechanics warrants detailed investigation.   

 

Conclusions 

The current study is the first to provide insights into the role of the IL12/23-IL17 pathway in 

the pathogenesis of ptOA. We showed that only ptOA inducing injury (ACLR but not ACLS) 

led to a spatiotemporal overexpression of IL12B and IL23A mRNA which likely is related to 

dendritic cells in the synovium. Furthermore, co-culture experiments of naïve CD4+ T-helper 

cells with ptOA but not normal/naive joint tissue resulted in a distinct expression of 

chemotactic proteins and cytokines associated with Th17 cell proliferation. Corroborating data 

from mRNA expression data demonstrated a distinct IL12B and IL23A overexpression in cells 

that were in contact with OA synovial tissue, as well as induction of master transcription factors 

of proinflammatory Th1 and Th17 subsets which were significantly reduced after IL12/23 

pathway blockage. Collectively our data demonstrate for the first time that the IL12/23 pathway 

via acute systemic and loco-regional CD4+ T-helper Th1 and particularly Th17 cell 

polarization, plays a significant role in orchestrating the immune response following joint 

injury and the pathogenesis of ptOA.  Critically, peri-injury inhibition of IL12/23 in-vivo led 

to a persistently decreased synovial inflammatory response and mitigation of histopathological 
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ptOA development, thereby making the IL12/23 pathway a promising target for future 

DMOAD development in ptOA.  
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Figure 1: Visualization of the study design and animal allocation into each study. Experiments 

were divided into in vitro experiments, genomic in-vivo experiments, proteinic in-vivo 

experiments. Groups, treatments, time points and outcomes are detailed for each set of 

experiment.   

 

Figure 2: Results of the genomic in-vivo experiments over time are shown. A provides a 

schematic overview over the tissues utilized and outcome measurements. B shows the qPCR 

results for IL12A, IL12B, and IL23A for the synovial tissue block (left) and tibial plateau 

(right). Samples from three groups (ACLR, ACLS, NOC) were analyzed. The * symbol 

indicates results from the statistical comparison of ACLR vs NOC mice, + ACLR vs ACLS 

mice, and ^ ACLS vs NOC mice. All statistical tests used an α-level of 0.05, and differences 

are marked as follows: p<0.05 (*,+,^), p<0.01 (**,++,^^), p< 0.001 (***,+++,^^^) and p< 

0.0001 (****,++++,^^^^). Data is presented as mean ± SEM and n = 4 animals/group/time 

point/tissue. 

 

Figure 3: Results of the in vitro experiments are shown. A provides a schematic overview and 

what data is presented in figure 3 and figure 4. B shows the Luminex results from analysing 

the cell culture supernatant. In each figure the left side is without Apilimod/STA and the right 

side shows the same tissues and analytes however with the addition of Apilimod/STA in order 

to inhibit the IL12/23 pathway. The * symbol indicates results from the statistical comparison 

of ACLR vs NOC mice, + ACLR vs ACLS mice, and ^ ACLS vs NOC mice. All statistical 

tests used an α-level of 0.05, and differences are marked as follows: p<0.05 (*,+,^), p<0.01 

(**,++,^^), p< 0.001 (***,+++,^^^) and p< 0.0001 (****,++++,^^^^). Data is presented as 

mean ± SEM and n = 4 biological replicates/group/tissue. 
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Figure 4: qPCR results are shown from the in vitro experiments. In each figure the left side is 

without Apilimod/STA and the right side shows the same tissues and genes, however with the 

addition of Apilimod/STA in order to inhibit the IL12/23 pathway. The * symbol indicates 

results from the statistical comparison of ACLR vs NOC mice, + ACLR vs ACLS mice, and ^ 

ACLS vs NOC mice. All statistical tests used an α-level of 0.05, and differences are marked as 

follows: p<0.05 (*,+,^), p<0.01 (**,++,^^), p< 0.001 (***,+++,^^^) and p< 0.0001 

(****,++++,^^^^). Data is presented as mean ± SEM and n = 4 biological 

replicates/group/tissue. 

 

Figure 5: Results of the flow cytometry experiments of the systemic adaptive immune response 

are shown. A gives a schematic overview over the tissues included in this figure, while the 

influence of antibody mediated immune modulation on CD4+ helper cells, and the 

inflammatory status assessed by the Th1/Th2 ratio and Th17/Treg ratio are shown in B. 

Immune cells were harvested from the blood (left) and contralateral bone marrow (right). The 

* symbol indicates results from the statistical comparison of ACLR vs NOC mice, + ACLR vs 

ACLS mice, and ^ ACLS vs NOC mice. All statistical tests used an α-level of 0.05, and 

differences are marked as follows: p<0.05 (*,+,^), p<0.01 (**,++,^^), p< 0.001 (***,+++,^^^) 

and p< 0.0001 (****,++++,^^^^). Data is presented as mean ± SEM and n = 6 biological 

replicates (pool of tissues from 2 mice)/group/time point. 

 

Figure 6: Results of the flow cytometry experiments of the locoregional adaptive immune 

response. A gives a schematic overview over the tissues included in this figure, while the 

influence of antibody mediated immune modulation on CD4+ helper cells, and the 

inflammatory status assessed by the Th1/Th2 ratio and Th17/Treg are shown in B. Immune 
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cells were harvested from the synovial tissue block (left) and draining lymph node (right). The 

* symbol indicates results from the statistical comparison of ACLR vs NOC mice, + ACLR vs 

ACLS mice, and ^ ACLS vs NOC mice. All statistical tests used an α-level of 0.05, and 

differences are marked as follows: p<0.05 (*,+,^), p<0.01 (**,++,^^), p< 0.001 (***,+++,^^^) 

and p< 0.0001 (****,++++,^^^^). Data is presented as mean ± SEM and n = 6 biological 

replicates (pool of tissues from 2 mice)/group/time point. 

 

Figure 7: Results of histopathological scoring of the joint. A shows the combined tibiofemoral 

cartilage damage over time, as well as chondrocyte hypertrophy/apoptosis over time, and 

osteochondral damage over time. B focuses on the synovial inflammation over time, by 

showing combined total synovitis and the synovial hyperplasia scores. Lastly C visualizes the 

fibrotic changes to the joint. The * symbol indicates results from the statistical comparison of 

ACLR vs NOC mice, + ACLR vs ACLS mice, and ^ ACLS vs NOC mice. All statistical tests 

used an α-level of 0.05, and differences are marked as follows: p<0.05 (*,+,^), p<0.01 

(**,++,^^), p< 0.001 (***,+++,^^^) and p< 0.0001 (****,++++,^^^^). Data is presented as 

median ± 95% CI and n = 9 animals/group/time point. 
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Supplementary Table 1:  

Details for each antibody used in the T-cell panel are given. In addition, information is provided 

for the relevant buffers used.  

 

Supplementary Table 2:  

Details for the primer sequences used in the study are provided. bp = base pairs.  
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4.3 Main Findings of the Study 
The current study provides insights into the role of the IL12/23 pathway in the pathogenesis of 

ptOA. Only ptOA inducing injury led to a spatiotemporal overexpression of IL12B and IL23A 

mRNA which likely is related to dendritic cells in the synovium. Furthermore, co-culturing 

experiments of naïve CD4+ T-helper cells with osteoarthritic joint tissue resulted in a distinct 

expression of chemotactic proteins as well as cytokines associated with Th17 cell proliferation, 

while on a gene level corroborating data was detected indicating a distinct IL12B and IL23A 

mRNA overexpression in cells that were in contact with osteoarthritic synovial tissue as well 

as induction of master transcription factors of proinflammatory Th1 and Th17 subsets which 

was significantly reduced after IL12/23 pathway blockade. Thereby our data indicates that the 

IL12/23 pathway plays a role in orchestrating the immune response following joint injury and 

during development of ptOA while contributing towards a production of IL17 producing Th17 

cells and thereby perpetuating the inflammatory response initiated by joint disease. Finally, 

inhibition of IL12/23 in-vivo led to a persistently decreased inflammatory response on a cellular 

level and the mitigation of histopathological changes associated with ptOA development. 

Importantly, while the current study provided compelling evidence regarding the mechanistic 

role of the IL12/23 pathway in the development of ptOA the results cannot be translated into a 

therapeutical concept without further research. Further studies are needed that initiate IL12/23 

pathway modulation in a post-injury therapeutic window, include a variety of animals models 

as well as groups of mice having confounding factors, and combine immunomodulation with 

restoration of biomechanics in order to confirm the findings made in the current study being 

that the IL12/23 pathway might be a promising target for future DMOADs in ptOA.  
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Chapter 5 
 
 
5 Investigating the Role of Pro-Inflammatory 
Subsets of the Innate Immune Response and their 
Molecular Pathway of Activation in the Pathogenesis 
of ptOA 
 

 

5.1  Aim of the Study 
In Chapter 3 we observed a distinct M1 dominated pro-inflammatory innate immune response 

following induction of ptOA. Taken together with findings from the literature review presented 

in Chapter 1 two cellular key players of the innate immunity potentially having opposing roles 

were identified. On the one hand Ly6Chigh inflammatory monocytes as the main source for 

‘blood originated’ M1 macrophages have been identified as a major contributor driving chronic 

inflammation associated with OA. On the other hand, synovial tissue resident macrophages 

(STRM) are believed to protect joint functionality by clearing cartilage/bone debris and acting 

as sentinels for molecular and cellular changes in the joint cavity. However, the exact role of 

these two cellular key players in the pathogenesis of ptOA and if a targeted depletion of either 

one has antagonistic effects on the onset and development remains unknown. Thus, this study 

utilized a specific monoclonal anti-CCR2 antibody which is highly selective for targeting and 

depleting Ly6Chigh monocytes (Mack, M. et al. 2001) as well as intraarticular injections of 

Clodronate effectively depleting STRMs (Moretti, A. et al. 2021) in the synovial tissue in 

context with a non-surgical murine ptOA model. This study is intended as a second proof-of-

principle study (the first one being Chapter 4) investigating the contribution of these immune 

cells subsets towards ptOA development. This is a first step to identify crucial cellular and 

molecular factors that are driving ptOA development and not intended as a definitive study to 

investigate a potential therapeutic application. In addition, molecular pathways of activation 

were analyzed to investigate what drives innate immunity in ptOA.  
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5.2 Drafted Manuscript for Submission: Targeting 

different myeloid/innate-immune cell subsets has 

differential effects on joint inflammation and structural 

damage associated with post-traumatic osteoarthritis. 
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Introduction: 

The global prevalence of osteoarthritis (OA) of the knee has been estimated as 16.0% in 

individuals over the age of 15 and 22.9% in individuals over the age of 40 corresponding to 

around 654.1 million affected individuals worldwide [1]. The number of people affected is 

estimated to substantially increase in the coming years with increased population ageing and 

obesity [2]. Initially OA was believed to be a purely mechano-degenerative disease whereas in 

recent years a multifactorial cellular and molecular biological pathogenesis has been widely 

accepted [2]. OA was identified as the second highest cause for years lived with disability in 

2015 [3], but in comparison to the other leading causes our understanding of the patho-

mechanisms remains limited. The lack of insight is reflected in an ongoing and unaltered need 

for development of effective and preventative treatments. 

Over the last years a plethora of studies have implicated chronic joint inflammation as a crucial 

part of OA pathogenesis, and activation of the innate immune response was shown to be 

involved in initiation and perpetuation of this inflammatory reaction [4]. A variety of key 

cellular players, that are part of the innate immune response, have been identified in playing 

diverging roles in the onset and development of ptOA [5]. Of interest is an influx into the joint 

of Ly6Chigh inflammatory monocytes that occurs following the induction of an inflammatory 

instability OA model in mice by intra-articular collagenase injection [6]. This Ly6Chigh 

monocyte influx is governed by the expression of ‘C-C motif ligand 2’ (CCL2), also known as 

monocyte chemoattractant protein 1 (MCP-1), which can be derived from a variety of sources, 

most importantly in the joint from injured chondrocytes and synoviocytes (reviewed in [5]). 

Following CCL2-induced migration of the ‘C-C motif chemokine receptor 2’ (CCR2)-

expressing Ly6Chigh monocytes from the circulation, they polarize into “blood-originated” 

(BO) inflammatory M1 macrophages [7] driving chronic inflammation associated with OA [8]. 

On the other hand, synovial tissue resident macrophages (STRM) which likely have a distinct 
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embryological derivation are believed to protect joint functionality by clearing cartilage/bone 

debris and acting as sentinels for molecular and cellular changes in the joint cavity [5]. Their 

protective function was further supported by a study showing that depletion of STRMs led to 

an exacerbation of experimental rheumatoid arthritis (RA) in mice [5, 9]. 

There is clear evidence for involvement of the CCR2/CCL2 signaling pathway in post-

traumatic (pt)OA, from both knock-out mice and therapeutic intervention studies [10-13]. 

However, the exact role of CCR2/CCL2-dependent BO versus STRM-derived macrophages in 

ptOA pathogenesis and if a targeted depletion of either one has antagonistic effects on disease 

onset and development following joint injury remains unknown. To improve the understanding 

of the contribution of these two key innate-immune cell-types to ptOA development, the 

current study compared effects in a non-surgical anterior cruciate ligament rupture (ACLR) 

ptOA model in mice of: systemic intraperitoneal (IP) administration of a specific monoclonal 

anti-CCR2 antibody highly selective for targeting and depleting Ly6Chigh monocytes [14]; 

intraarticular (IA) injection of clodronate-liposomes effectively depleting STRMs [15], or 

intravenous (IV) clodronate-liposomes to deplete mature circulating macrophages. In addition, 

differential molecular pathway activation in the synovium were analysed to investigate key 

drivers of innate immunity in ptOA and define potential novel pathways for therapeutic 

intervention.  
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Materials and Methods 

Animals and Study Design  

All experiments were approved by the Northern Sydney Local Health District Animal Ethics 

Committee (protocol RESP20/082), with DEPART and ARRIVE guidelines followed for 

experimental design and reporting [16, 17]. For all experiments a total of 336 10-12-week-old, 

male C57BL/6 mice were utilized, with mice housed in individually-ventilated cages (up to 

5/cage) with commercial bedding, environmental enrichment (perspex housing, wooden sticks, 

tissues), ad-libitum access to standard pelleted mouse feed and acidified water, in a dedicated 

SPF vivarium maintained at 20-22 °C with 12-hour light/dark cycles, and cared for in 

accordance with the Australian code [18]. An overview of the study design and the allocation 

of animals is provided in Figure 1.  

In the current study a non-surgical anterior cruciate ligament rupture (ACLR) model [19, 20] 

was used to induce ptOA without the confounding inflammation of an initial operative trauma. 

Briefly, a single compressive load was applied to the tibia of the flexed knee in anaesthetised 

mice, resulting in posterior subluxation of the femur and ACL rupture without additional 

macroscopic damage to other structures within the joint [20], with subsequent rapid onset and 

progression of joint-wide ptOA pathology [21] (see Chapter 2.2.2.2). Naïve mice were 

included, when necessary, serving as non-operated controls (NOC) and baseline for all other 

groups.  Animals housed in the same cage were randomly assigned to each set of experiments 

but all animals in the cage were sacrificed at the same time (see below) to avoid isolation stress. 

 

In-vivo experiments 

The day of ACLR was designated as experimental day 0, and mice sacrificed, and tissues 

harvested 1-day, 1-week, 4-weeks or 6-weeks post-ACLR (n = 12/time/treatment-group). 

Treatment groups included animals receiving either intravenous (IV) injection of 200µl [22, 
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23] of clodronate liposomes (Encapsula Nanosciences LLC, catalogue #CLD-8901), 

intraarticular (IA) injection of 10µl [24] clodronate liposomes (Encapsula Nanosciences LLC, 

catalogue #CLD-8901), or intraperitoneal (IP) injection of rat anti-mouse CCR2 antibody MC-

21 (20µg in 100µl PBS) [14, 25, 26].  Respective controls included injection of control/empty 

liposomes (Encapsula Nanosciences LLC, catalogue #CLD-8910) using the same volume and 

route of administration, as well as mice injected with 100µl of PBS intraperitoneally. The 

treatment schedule of study and control animals varied based on the targeted cell type and 

previously reported time to optimal target-cell depletion [22, 23] [24] [14, 25, 26]: IV injections 

were performed on day -1 and day -3; IA injections were performed on day -7 and -3; and IP 

injections were performed starting on day -1 and thereafter repeated daily for 5 days. As a 

general rule animals harvested at day-1 only received the treatment prior to injury. 

 

Flow cytometry 

Blood (terminal cardiac puncture under general anaesthesia), contralateral femoral bone 

marrow, draining lymph-nodes (pooled inguinal and iliac lymph-nodes) and synovial tissue 

were harvested from all animals as previously described [27]. Tissues were pooled from two 

animals to increase cell numbers per sample resulting in n=6 biological replicates for each 

tissue-source at each time point in each animal group. The detailed protocol regarding the 

harvest of tissues and preparation of single cell solutions and the utilized multicolour antibody 

panel has been published previously [27] (see Chapter 2.2.2.1 and Chapter 3.2) (see Table 

S1 for detailed information regarding the utilized antibody panel). 

 

RNA sample preparation and Next Generation Sequencing  

In a separate set of experiments mice undergoing ACLR were treated with either nothing, local 

macrophage depletion in the synovium (10µl clodronate liposomes IA [24]) or systemic CCR2+ 
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monocyte depletion (20µg rat anti-mouse CCR2 antibody MC-21 IP [14, 25, 26]) as described 

above (n = 6 per time/treatment group). Non-operated controls (NOCs) of the same age not 

receiving any treatment were included into this set of experiment as well. Animals harvested 

at day 1 only received the treatment prior to injury, while animals harvested 4 weeks after 

injury received the complete treatment regime as outlined above. The synovial tissue block was 

harvested 1-day or 4-weeks post-ACLR, and 6 mice per time/treatment-group randomly pooled 

into two samples (n=3mice/pool) for each individual time/group. Total RNA was then isolated 

(freeze pulverized: RNeasy Micro Kit, Qiagen cat# 74004) following manufacturer’s protocol, 

and quantified using Nanodrop. High sample quality was confirmed using the 260/280 

absorption ratio (all ~2.0), and samples containing 1250ng of RNA underwent standard whole 

transcriptome sequencing with 50M PE reads performed by an accredited certified service 

provider (AGRF Ltd, Melbourne, Australia).  

 

Bioinformatic analysis of RNA sequencing data  

The quality of raw sequencing reads was checked, and they were aligned to the reference 

genome using Genome Workbench 12.0.4 (CLC Bio. Japan). To normalize the read counts for 

each gene, we used the reads per kilobase per million mapped reads (RPKM = total exon 

reads/mapped reads in million X exon length in kb). The RPKM values were used to estimate 

gene expression levels using advanced plugins for RNA-Seq in CLC Workbench 12.0.4. We 

performed a differential expression test using the native function in CLC 12.0.4, which utilizes 

multi-factorial statistics based on a negative binomial Generalized Linear Model (GLM). 

Genes with log2 fold changes >2 or < -2, and FDR-corrected p values <0.05 were considered 

differentially expressed genes (DEGs). Finally, we visualized the data using the 'ggplot2' 

package in the statistical language R. 
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Gene Set Enrichment Analysis (GSEA) was conducted using the fgsea package in R statistical 

language. The selected genes were annotated with ENTREZ ID through the Genome-wide 

annotation for Mouse package (org.Mm.eg.db). The enrichment score was computed by 

matching the ranked genes with the target gene set, which was the Molecular Signatures 

Database (MsigDB) translated for mouse data by Walter+Eliza Hall Institutes Bioinformatics 

service. The Gene Ontology gene set (Ms.c5) was used in the analysis and pathways with an 

adjusted p-value of less than 0.05 was chosen. The dataset used in this study is available for 

download at https://bioinf.wehi.edu.au/software/MSigDB/. 

 

Histopathological scoring 

After removal of the anterior synovium (for flow cytometry) knee joints were fixed, 

decalcified, paraffin-embedded, and serial sagittal sections across the medial femoro-tibial 

joint cut and stained with toluidine blue-fast green as previously described [28-30]. Utilizing a 

modified single slide scoring system ([21] and see Chapter 2.2.2.2) femoral and tibial cartilage 

and structural damage, tibial and femoral chondrocyte hypertrophy and apoptosis, osseous 

neoformation observed as osteophytes and enthesophytes, posterior fibrotic changes to joint 

capsule, and posterior femoral synovitis, were determined by a single trained observer (PH) 

blinded to time and treatment. Finally, median values for each histopathological feature for 

each group and time point were generated and compared. 

 

Statistics 

The individual histology-outcomes were considered as categorical and independent variables, 

as prior analysis demonstrates they change differentially and with distinct temporal patterns in 

different OA models [31], and are independently modified in response to treatment/genetic-

modification [28-30, 32, 33]. Non-parametric analyses (Kruskal-Wallis and Mann-Whitney-
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U) were used to assess differences between groups for all histological outcomes at each post-

injury timepoint. Histological data is presented as median ± error. Flow cytometry data is 

presented as mean ± standard error of the mean (SEM). Two-way analysis of variance 

(ANOVA) with post-hoc Tukey’s correction for multiple comparisons was used to compare all 

individual variables. All statistical tests used an α-level of 0.05, and differences are marked as 

follows: p<0.05 (*), p<0.01 (**), p< 0.001 (***) and p< 0.0001 (****). All statistical 

calculations were performed with GraphPad Prism (Version 9.0.0). 

 

Results 

Differential systemic effect of targeting CCR2+ monocytes and macrophages versus STRM 

To determine the systemic effect of the different innate-immune-cell targeting therapeutic 

strategies, flow cytometric analysis of myeloid cells from blood and contralateral bone marrow 

was conducted (Fig.2). IP anti-CCR2 decreased total monocyte numbers in blood day-1 to 

week-4, before an increase at week-6 (Fig 2A). While the percentage of Ly6C+ monocytes 

significantly reduced on day-1 before rebounding to be higher than control at week 1-4, the 

M1/M2 polarization of circulating monocytes was markedly reduced by anti-CCR2 for the first 

4 weeks. Systemic (IV) clodronate-liposomes decreased circulating monocytes for the first 

week before returning to control levels and then being greater than control at week-6, with 

more of these being Ly6C+ at week-1 and -6 but with a reduced M1/M2 polarization for the 

first week and then higher M1/M2 than controls at week-6. IA clodronate-liposomes led to a 

decrease in circulating monocytes at day-1 and week-6, with a reduction in the Ly6C+ day-1 

and week-1 before increasing at week-6, but unlike systemic treatments the M1/M2 

polarization of circulating monocytes was significantly increased at all times. 

While some of the effects of the different treatments on myeloid cells in the contra-lateral bone-

marrow were similar to those in blood, others were not (Fig 2B). Anti-CCR2 significantly 
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reduced bone-marrow monocytes at day-1, week-4 and week-6, with a reduction in Ly6C+ for 

the first week before an increase at week-6. Bone marrow macrophages on the other hand were 

increased by anti-CCR2 at day-1 and week-4 to week-6 but importantly with a marked decrease 

in M1/M2 for the first 4 weeks. Bone-marrow monocytes were decreased by systemic (IV) 

clodronate-liposomes at day-1 but then significantly increased at week-1 and -4, with a 

decrease (albeit not statistically significant) in Ly6C+ cells for the first week. Bone-marrow 

macrophages were initially increased by IV clodronate-liposomes (day-1) before decreasing 

week-1 to week-4 and importantly with a decreased M1/M2 polarization at all times. IA 

clodronate-liposomes on the other hand showed little or no effect on bone-marrow monocyte 

numbers and L6C+/L6C- ratio, nor macrophage numbers and M1/M2 polarization.  

 

Differential effect of targeting systemic CCR2+ monocytes and macrophage versus STRM on 

synovial macrophage infiltration and M1/M2 polarization  

Systemic depletion of CCR2+ monocytes (anti-CCR2) led to reduced synovial BO 

macrophages for the first week, and while numbers increased at week-4 they were again 

reduced at week-6 (Fig. 3). Systemic macrophage depletion (IV clodronate-liposomes) also 

reduced synovial BO macrophages but over the first 4 weeks. In contrast, IA clodronate-

liposomes increased synovial BO macrophages for the first week in association with decreasing 

STRM day-1 to week-4. Systemic CCR2+ monocyte depletion did not significantly alter STRM 

numbers (slightly increased week-1 to -6) while targeting systemic macrophages significantly 

increased STRM over the first week. Depletion of CCR2+ monocytes reduced the Ly6C 

expression in both BO and STRM at day-1, followed by an increase in Ly6C at week-1 and 

then lower levels again at week-4 to -6. Systemic macrophage depletion also acutely decreased 

Ly6C in BO macrophages with the effect persisting for 4 weeks while the acute reduction in 

STRM Ly6C compared with controls was reversed by 1 week. In contrast STRM depletion 
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markedly increased BO macrophage Ly6C for the first week. Finally, the synovial BO and 

STRM M1/M2 ratio was used to evaluate the joint inflammatory state.  Systemic depletion of 

CCR2+ monocytes led to an acute and persistent reduction in both BO and STRM M1/M2 

polarization (to week-6 or week-4, respectively). Systemic depletion of macrophages had a 

similar effect although reduction in STRM M1/M2 was more persistent. In marked contrast to 

the systemic treatments, depletion of STRM resulted in an exacerbated pro-inflammatory 

M1/M2 polarization in both BO macrophages and residual STRMs.  

 

Targeted depletion of specific myeloid cell subsets mitigates ptOA joint pathology. 

Tissues were harvested after 1 day, 1 week, 4 weeks and 6 weeks following ACLR, and ptOA 

joint pathology scored and compared between treatment groups and their respective controls 

(Fig. 4A). Only targeted systemic depletion of CCR2+ monocytes significantly modified 

structural ptOA pathology with the decrease in synovial fibrosis and cartilage damage both 

p<0.05 at week-6 (Fig 4B). The lower cartilage and osteochondral damage scores at earlier 

time points in both anti-CCR2 and IV clodronate-liposome treatment groups did not reach 

statistical significance due to inter-mouse variability. Systemic depletion of CCR2+ monocytes 

and macrophages also both significantly decreased chondrocyte hypertrophy/apoptosis, at 4 

and 6 weeks in the former but only 4 weeks in the latter. Total osteophyte/enthesophyte severity 

score was decreased by all active treatments relative to their controls as 4 and 6 weeks but none 

of the differences were statistically significant. In contrast, histopathologic total synovitis and 

synovial lining cell hyperplasia were significantly decreased by all treatments but with different 

temporal patterns (Fig 4C). Systemic CCR2+ monocyte depletion induced an acute and 

persistent reduction in synovitis (p<0.05 day-1 and week-6) and synovial hyperplasia (p<0.05 

week-4). Systemic macrophage depletion had a similar early effect on synovitis (p<0.05 week-

1 and week-4) and synovial hyperplasia (p<0.001 week-1) but at week 6 scores were similar to 
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controls. Depletion of STRM also markedly reduced early synovitis (p<0.0001 week-1) and 

synovial hyperplasia (p<0.001 week-1) but thereafter scores increased to be equal to or greater 

than controls. 

 

Differential effect of targeting systemic CCR2+ monocytes and macrophage versus STRM on 

synovial molecular inflammatory pathways regulation. 

To decipher the underlying molecular mechanisms responsible for and/or associated with the 

distinct differences observed in the cellular inflammatory response after either systemic CCR2+ 

monocyte or local STRM depletion, we profiled the synovial tissue block transcriptome 1 day 

and 4 weeks after ACLR (Fig. 5 and 6, respectively). Cluster analysis was performed for the 8 

included samples based on the differentially expressed genes (DEGs), with the two samples of 

each group at each time point clustered together indicating a reproducible differential 

expression analysis (Fig 5A and 6A). In addition, CCR2+ monocyte depletion resulted in 

clustering closer to untreated NOC synovial tissue rather than untreated ACLR synovial tissue 

at day-1, while STRM depletion resulted in loss of clustering with all other groups at both 1 

day and 4 weeks (Fig. 5A and 6A). At 1 day post-ACLR only 10% of DEGs were the same in 

STRM-depleted vs untreated and CCR2+ monocyte depleted vs untreated mice (Fig. 5B), while 

41% of DEGs were the same in STRM depleted vs CCR2+ monocyte depleted and STRM 

depleted vs untreated animals (Fig. 5C). Finally, only 10% of DEGs in CCR2+ monocyte 

depleted vs STRM depleted and CCR2+ monocyte depleted vs untreated mice were shared (Fig. 

5D). This highlights the very distinct acute synovial molecular regulation of STRM depletion 

compared with systemic CCR2+ monocyte depletion.  At 4 weeks post-ACLR the shared DEGs 

between STRM and CCR2+ monocyte depleted vs untreated animals had reduced to 2% (Fig. 

6B), and overlapping DEGs between CCR2+ monocyte depleted vs either STRM depleted or 

untreated mice had decreased to 1% (Fig. 6D). In contrast, the number of shared DEGs in 
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STRM depleted mice vs either CCR2+ monocyte depleted or untreated animals had remained 

high (45%; Fig. 6C). Thus, despite the natural temporal resolution of the acute-injury 

associated synovial molecular response (compare cluster analysis in 5A and 6A), differences 

in the molecular regulation from peri-injury STRM depletion vs systemic CCR2+ monocyte 

depletion remain profound or become even more pronounced.  

GSEA was performed to identify up- and downregulated pathways in the different groups 

identified based on the normalized effect size (NES; Tables 1 and 2, respectively). While the 

majority of pathways identified at 1 day were not specifically associated with the immune 

response or ptOA-related tissues, depletion of both STRM or CCR2+ Ly6Chigh monocytes 

resulted in an upregulation of cytokine activation pathways when compared to untreated 

controls (Table 1). Interestingly STRM depletion also increased day-1 cytokine receptor 

binding and neutrophil mediated immunity and immunological synapse (i.e molecules involved 

in innate/adaptive crosstalk and T-cell activation). Similarly at week-4 STRM depletion was 

associated with upregulation of pathways involved in monocyte and leukocyte migration as 

well as IL1 and TNF response when compared to either untreated or CCR2+ monocyte depleted 

samples, as well as chondrocyte and cartilage differentiation pathways. There were common 

downregulated pathways in both STRM and CCR2+ monocyte depleted synovia at 1 day 

involving cytoskeletal structures, but also differences with STRM depletion decreasing 

collagen and proteoglycan matrix formation (Table 2). At 4 weeks there were too few down-

regulated pathways identified for further evaluation.  Deeper analysis of the top 5 individual 

DEGs at day-1 (based on the log2 fold change; Fig 5 E-G) identified genes involved in the 

immune response that were particularly down-regulated by CCR2+ monocyte depletion (Arg1, 

Cx3cr1) while a decrease in others (C7) was more associated with STRM depletion (Table 3). 

At 4 weeks post-ACLR the top 5 DEGs (Fig. 6 E-G) included genes associated with the innate 
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(Arg1) and adaptive (Ccl17) immune response that were upregulated by STRM depletion 

(Table 3).  
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Discussion 

Ly6Chigh monocytes are known as potent pro-inflammatory effector cells [5] and the cytokine 

profile released by Ly6Chigh monocytes upon activation includes IL-1ß, TNF-a as well as high 

levels of reactive oxygen species [5]. In OA, it is believed that Ly6Chigh monocytes directly 

contribute towards a pro-inflammatory microenvironment but also serve as the main source for 

BO inflammatory M1 macrophages [34, 35] further promoting inflammation. Soluble 

inflammatory mediators secreted from Ly6Chigh monocytes and BO macrophages in the sub-

synovium diffuse into the joint space itself and increase secretion of catabolic enzymes by 

chondrocytes and chondrocyte apoptosis which in turn releases danger-associated molecular 

patterns (DAMPSs) further activating macrophages to release leukocyte chemotaxins [36]. As 

this pro-inflammatory feedback loop is a crucial contributor to the inflammatory reaction 

associated with ptOA, Ly6Chigh monocytes have emerged as potential target of interest in 

disease modification. In addition, Ly6Chigh monocyte vascular egress and recruitment into the 

joint space are governed by CCL2/CCR2 signaling [37] and elevated CCL2 in the synovial 

fluid has been identified not only subsequent to joint injury [38, 39] but also during established 

OA [40, 41]. Thus, a crucial immunomodulatory function of the CCL2/CCR2 signaling 

pathway in context with ptOA has been postulated, with evidence from both knock out mice 

and therapeutic intervention studies demonstrating a significant role in synovial inflammation 

and pain but mixed results on structural pathology [10-13]. CCL2-/- and CCR2-/- knockout 

mice showed significantly reduced cartilage damage 20 weeks after DMM surgery in addition 

to a marked reduction in activated macrophages in the synovium [13]. In the current study a 

transient reduction in blood-originated macrophages was observed in addition to a lasting anti-

inflammatory polarization of synovial macrophages. However, cartilage damage was not 

prevented in the current study and only significantly mitigated after 6 weeks. It is possible that 

the differences between knockout animals and the animals’ receiving treatment in our study 
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derives from the differences in the utilized animal model. ACLR results in a faster and more 

pronounced onset of cartilage damage when compared to DMM (Chapter 3). Due to the 

ongoing instability, it is likely that restoration of biomechanics in combination with CCR2 

blockade is needed to prevent cartilage damage after ACLR. In addition, a recovery of blood-

originated macrophages was observed in our study which is prevented in knockout mice. This 

highlights the importance of finding the right timing and duration of CCR2 inhibition in order 

to mitigate ptOA development.  

In the current study, anti-CCR2 treatment led to a lasting mitigation of chondrocyte 

hypertrophy and apoptosis, and although the direct role of CCR2 in context with chondrocyte 

hypertrophy is poorly understood a recent study showed that suppression of CCR2/CCL2 

signaling was sufficient to protect type 2 collagen synthesis via a reduction of RUNX2 and 

IHH thereby improving chondrocyte proliferation and reducing apoptosis [42]. Reduced 

histopathological synovitis and synovial lining hyperplasia was observed after anti-CCR2 

treatment. On a cellular level anti-CCR2 treatment led to a significantly reduced monocyte 

influx into the joint and an overall anti-inflammatory cellular synovial microenvironment 

observed via a mitigated and partly reversed Ly6chigh/Ly6Clow and a persistently reduced BO 

and STRM M1/M2 macrophage ratio. This is consistent with data showing blockade of CCR2 

skews macrophage polarisation towards the anti-inflammatory M2 phenotype and to decrease 

expression of iNOS and TNF while increasing expression of anti-inflammatory cytokines such 

as Arg1, Ym1 and TGF-ß [43]. Surprisingly, genomic analysis of the synovial tissue block of 

anti-CCR2 treated animals indicated a decreased Arg1 expression. A potential explanation lies 

in the fact that both BO macrophages and STRMs are present in the synovial membrane, and 

although a lasting anti-inflammatory milieu was created in STRMs after CCR2 blockade, 

immediately after injury M1 macrophages were still the predominant phenotype potentially 

contributing towards the observed reduction in Arg1 expression. Besides these direct anti-
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inflammatory effects of anti-CCR2 treatment sequencing analysis data showed a significantly 

reduced expression of CX3CR1. CX3CR1 is crucial in the chemotaxis of Ly6Clow monocytes 

and elevated levels have been detected in the synovial fluid of OA patients [44]. Functional 

analysis indicated that besides its chemo-attractive properties CX3CR1 also stimulates 

inflammation especially during early stages of OA via a pro-inflammatory activation of 

recruited Ly6Clow monocytes [5]. The observed reduction in CX3CR1 expression adds to the 

understanding of how CCR2 pathway blockade modulates the inflammatory response 

subsequent to joint injury and during development of ptOA. 

Joint damage was ameliorated after anti-CCR2 treatment and despite the short-term treatment 

that started prior to injury lasting mitigation of bone and cartilage damage were detected. These 

findings are supported by a recent study using a similar treatment in the DMM mouse model 

[45]. Interestingly the protective effects of anti-CCR2 treatment were less when treatment was 

postponed [45] which was previously demonstrated in mouse models of RA where postponed 

treatment resulted in a more severe and destructive arthritis [46]. The importance of timing is 

also highlighted by the results of the first clinical trials that utilized antibody mediated CCR2 

inhibition in patients with RA [47, 48]. Despite compelling pre-clinical data indicating the 

efficacy of CCR2 pathway modulation when using in-vivo models of RA, both clinical trials 

did not observe any amelioration of inflammation in active RA and clinically a worsened 

condition occurred in some cases [47, 48]. Authors of both studies concluded that blockade of 

CCR2 is insufficient for a clinical improvement of RA. A potential explanation could be that 

both studies included patients with established RA having a disease duration of at least 6 

months, whereas pre-clinical studies started the CCR2 blockade during early stages of arthritis 

development. Taken together it seems that the right timing is crucial for a beneficial effect of 

anti-CCR2 treatment in context with OA [49]. While this might be difficult to achieve in RA, 
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ptOA starts with a defined trauma and therefore CCR2 could be a very promising target in the 

disease modulation.  

Although systemic injection of clodronate has been established to induce apoptosis in 

macrophages, it is a well-known fact that besides the depletion of macrophages, apoptosis is 

also induced in monocytes and dendritic cells [50]. The simultaneous apoptosis of the large 

number of immune cells has been shown to cause a temporary inflammatory reaction by itself 

[51]. In the current study, IV clodronate-liposomes resulted in a number of similar changes as 

anti-CCR2 in systemic myeloid cells. This can be explained by the overlap in targeted myeloid 

cells of the two treatments whereas the inflammatory reaction caused by the broad apoptosis 

of immune cells resulting from IV clodronate-liposomes countermanded some of the anti-

inflammatory effects observed when only targeting a specific subset of pro-inflammatory 

myeloid cells (anti-CCR2). In particular, IV clodronate-liposomes decreased blood and bone-

marrow monocytes as well as the bone-marrow M1/M2 polarization while increasing 

circulating monocyte Ly6C+/Ly6C- ratio. Furthermore, this was associated with a different 

temporal pattern of synovial BO macrophage and STRM Ly6C+/Ly6C- ratio and M1/M2 

polarization where anti-CCR2 had a much greater early (day-1) anti-inflammatory effect on 

synovial BO macrophage and STRM activation and M1/M2 polarization than IV clodronate-

liposomes while later changes were similar. Thereby the differences observed subsequent to a 

treatment having both a pro- and anti-inflammatory effect (IV clodronate-liposomes) compared 

to a targeted depletion of pro-inflammatory monocyte subsets (anti-CCR2) suggest the 

importance of the immediate post-injury inflammatory response in long-term joint 

inflammation and ptOA-risk. This may explain the distinct temporal differences in effect of the 

two treatments on ptOA pathology and lack of sustained or significant disease modification 

with IV clodronate-liposomes. 
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STRMs protect the joint space during homeostasis from detrimental stimuli scavenging 

extracellular matrix molecules that might otherwise act as DAMPs and with inter-cellular tight 

junctions reducing ingress of serum proteins into the synovium. However, DAMPs released 

from disrupted joint tissues can activate STRMs and initiate a pro-inflammatory polarisation 

switch contributing to the migration of blood monocytes as observed in RA [5, 52, 53]. Thus, 

STRMs have a potential dichotomous function on the one hand as protector of the joint space 

and on the other hand as an initiator of the pro-inflammatory response. As the exact role of 

STRMs in the pathogenesis of ptOA is still unknown the current study included an established 

method to deplete the synovial lining from STRMs. Despite a short-lived reduction in 

histological synovitis joint damage was unaltered by STRM depletion. On a cellular level 

depletion of STRM led to a more distinct pro-inflammatory response with a significantly 

increased synovial BO macrophage Ly6C+/Ly6C- and M1/M2 ratio. Additionally, peri-injury 

depletion of STRM also had a systemic pro-inflammatory effect significantly increasing 

circulating and bone-marrow monocyte M1/M2. This suggests that STRM may not only protect 

the joint from systemic factors but also play a role in containing joint-associated inflammation 

to decrease the effects of local injury on the other body systems and organs. This is an 

interesting concept with increasing interest in the role of OA as an active effector of incident 

co-morbid conditions such as cardiovascular, renal, and neurodegenerative disease [54, 55]. 

Interestingly, although the depletion of STRM was performed prior to joint injury, lasting pro-

inflammatory changes were observed throughout the study period. In addition, GSEA analysis 

indicated that even after 4 weeks immune cell chemotactic and migratory pathways were 

increased supporting an ongoing inflammatory response. Again, this indicates that acute peri-

injury changes in the joint-inflammatory status are critical for long-term joint inflammation 

and ptOA risk. This is consistent with data from patients with meniscal injuries where the 

presence and severity of the initial synovitis is predictive of increased risk of progressive ptOA, 
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even if the synovitis subsequently resolves [56]. Interestingly, depletion of STRM led to an 

increased expression of CCL17, a cytokine closely related to the Th17 response, and significant 

upregulation of the immunological synapse pathway in general, indicating a potential cross 

activation of not only the innate immune system but also the adaptive immune system as a 

result of STRM depletion. This prolonged and exacerbated immune response could potentially 

be explained by the macrophage niche model as depletion of STRMs allowed population of 

the niche by BO and inflammation primed monocyte subsets [5]. However, further detailed 

studies are needed decipher the complex underlying pathomechanisms of STRM depletion.   

 

Limitations 

This study has a number of limitations that need to be recognised and addressed in future 

studies. All studies were done on young, otherwise healthy male mice, and confirmation is 

required if findings would be similar in females, older animals and in the presence of 

comorbidities such as obesity and type-2 diabetes, factors that can all alter the inflammatory 

response and ptOA risk [57-60]. Furthermore, our earlier studies (see Chapter 3.2) have shown 

that the phenotype and temporal pattern of inflammatory response differs with different joint 

injuries, and it is important to confirm whether findings in the current ACLR model are 

recapitulated with DMM for example. ACLR is a rapid onset ptOA model with a quick 

progression of joint pathology resulting in a severe structural damage. This model was chosen 

as it would present the immunological “worst” case in ptOA and therefore an ideal model to 

test this immunomodulatory approach. However, in the current study only modest mitigation 

of joint pathology was shown after treatment which could be due to the characteristics of the 

chosen animal model. Therefore, it is important to test this approach in a subsequent study 

utilizing the DMM or other ptOA models in order to investigate if a more distinct mitigation 

of joint pathology can be achieved. In addition to macrophages, CCR2 is expressed on other 
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non-hematopoietic cells such as fibroblasts, endothelial cells, and mesenchymal stem cells. In 

the current study anti-CCR2 was administered systemically, and it is possible that the effect on 

other cells is responsible for masking some effects. Therefore, subsequent studies are needed 

that use a more targeted route of administration to reduce systemic effects of the treatment. A 

further potential limitation during the use of RNAseq data and analysis includes the small 

sample size and significance threshold filtering which can affect the subsequent 

pathway/network analysis.  

 

Notwithstanding these caveats, the current study has provided valuable insight into the 

immunobiology of innate immune cell subsets in the context of ptOA associated inflammation 

and structural pathology. Anti-CCR2 treatment has the potential to be an interesting target for 

immunomodulation, however further studies are needed to decipher the important temporal 

aspect of its effect. Additionally, developing strategies to modify STRM depletion and/or pro-

inflammatory activation associated with joint injury may have not only local ptOA disease 

modifying benefit but also in reducing the systemic impact of OA on whole organism health. 
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Figure 1: Visualization of the study design and animal allocation into each study. Experiments 

were divided into cellular and structural in-vivo experiments and transcriptional in-vivo 

experiments. Groups, treatments, time points and outcomes are detailed for each set of 

experiment.   

 

Figure 2: Results of the flow cytometry experiments of the systemic innate immune response 

are shown. The influence of the immunomodulation on the expression of monocytes, their 

inflammatory state (data derived from cells harvested from the blood (A) and contralateral bone 

marrow (B) is shown) as well as macrophages and their M1/M2 ratio (B) in the bone marrow 

is visualized. The * symbol indicates results from the statistical comparison of ‘ACLR+anti-

CCR2 treatment’ vs ‘ACLR+saline control’ mice, the + symbol is used for the comparison of 

‘ACLR+iV Clododronate treated’ vs ‘ACLR+iV Liposome control’ mice, and the ^ symbol is 

used for the comparison of ‘ACLR+iA Clodronate treated’ vs ‘ACLR+iA Liposome treated’ 

mice. All statistical tests used an α-level of 0.05, and differences are marked as follows: p<0.05 

(*,+,^), p<0.01 (**,++,^^), p<0.001 (***,+++,^^^) and p<0.0001 (****,++++,^^^^). Data is 

presented as mean ± SEM and n = 6 biological replicates (pool of tissues from 2 

mice)/group/time point. 

 

Figure 3: Results of the flow cytometry experiments of the locoregional innate immune 

response. The influence of different treatments on the expression of blood originated (BO) and 

synovial tissue resident macrophages in the synovium as well as their inflammatory 

polarization assessed via the Ly6C expression and M1/M2 ratio is shown. The * symbol 

indicates results from the statistical comparison of ‘ACLR+anti-CCR2 treatment’ vs 

‘ACLR+saline control’ mice, the + symbol is used for the comparison of ‘ACLR+iV 

Clododronate treated’ vs ‘ACLR+iV Liposome control’ mice, and the ^ symbol is used for the 
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comparison of ‘ACLR+iA Clodronate treated’ vs ‘ACLR+iA Liposome treated’ mice. All 

statistical tests used an α-level of 0.05, and differences are marked as follows: p<0.05 (*,+,^), 

p<0.01 (**,++,^^), p<0.001 (***,+++,^^^) and p<0.0001 (****,++++,^^^^). Data is presented 

as mean ± SEM and n = 6 biological replicates (pool of tissues from 2 mice)/group/time point. 

 

Figure 4: Results of histopathological evaluation of the joint. A provides a schematic overview 

over the tissues utilized and outcome measurements. B visualizes the fibrotic changes to the 

joint. Overlaying groups were nudged in order make all groups clearly visual. C shows the 

combined tibiofemoral cartilage damage over time, as well as chondrocyte 

hypertrophy/apoptosis over time, and osteochondral hypertrophy/apoptosis over time as well 

as the total remodeling assessed as the combined osteophyte and enthesophyte severity adjacent 

to the joint. Lastly, D focuses on the synovial inflammation over time, by showing combined 

total synovitis and the synovial hyperplasia scores. Overlaying groups were nudged in order 

make all groups clearly visual. The * symbol indicates results from the statistical comparison 

of ‘ACLR+anti-CCR2 treatment’ vs ‘ACLR+saline control’ mice, the + symbol is used for the 

comparison of ‘ACLR+iV Clododronate treated’ vs ‘ACLR+iV Liposome control’ mice, and 

the ^ symbol is used for the comparison of ‘ACLR+iA Clodronate treated’ vs ‘ACLR+iA 

Liposome treated’ mice. All statistical tests used an α-level of 0.05, and differences are marked 

as follows: p<0.05 (*,+,^), p<0.01 (**,++,^^), p<0.001 (***,+++,^^^) and p<0.0001 

(****,++++,^^^^). Error bars are not shown in groups/time points were all values were the 

same. Data is presented as median ± 95% CI and n = 9 animals/group/time point. 

 

Figure 5: Results from the transcriptomic analysis 1 day after ACL injury are shown. A heat 

map of the transcriptional pattern of mice treated systemically with anti-CCR2 mAB or 

intraarticularly with Clodronate as well as wild-type animals including ACLR, and non-
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operated controls (NOC) is shown. B-D Venn diagrams showing the individual number of 

DEGs and their individual distribution between groups are shown. E-F Volcano plot. The log2 

fold change indicates the mean expression level for each gene while the false discovery rate 

(FDR) p-value was used to detect significant differences. Each dot represents one gene. Black 

dots represent no significant DEGs between groups, the blue dots represent down-regulated 

genes and red dots represent up-regulated genes. The 5 DEGs with the largest differences are 

numbered and details given in Table 3. N = 2 biological replicates (pool of tissues from 3 

mice)/group/time point. 

 

Figure 6: Results from the transcriptomic analysis 4 weeks after ACL injury are shown. A heat 

map of the transcriptional pattern of mice treated systemically with anti-CCR2 mAB or 

intraarticularly with Clodronate as well as wild-type animals including ACLR, and non-

operated controls (NOC) is shown. B-D Venn diagrams showing the individual number of 

DEGs and their individual distribution between groups are shown. E-F Volcano plot. The log2 

fold change indicates the mean expression level for each gene while the false discovery rate 

(FDR) p-value was used to detect significant differences. Each dot represents one gene. Black 

dots represent no significant DEGs between groups, the blue dots represent down-regulated 

genes and red dots represent up-regulated genes. The 5 DEGs with the largest differences are 

numbered and details given in Table 3. N = 2 biological replicates (pool of tissues from 3 

mice)/group/time point. 
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Figure 3: 
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Figure 4: 
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Figure 5: 
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Figure 6: 

 

Clo vs. Untreated mAB vs. Untreated
mAB vs. 

Untreated

Clo vs. 
Untreated

Clo vs. 
mAB

Clo vs. UntreatedClo vs. mAB

mAB vs. Clo mAB vs. Untreated

A)

B) E)

C) F)

D) G)

4 WeeksmAB :�2 7UHDWmHQW 

l 
� 

/ - �-
U � 

-, , 

Clo 

3UoFHGXUH 
7UHDWmHQW 

*ene  Procedure 
2 AC/5 

12C 
0 
-1 Treatment 

-2 Clo 
mAB 
Z�o 



 192 

 



 193 

 



 194 

  

1

mAB vs. 
Untreated Log₂ fold change P-value mAB vs. 

Untreated Log₂ fold change P-value

1 Fam177a2 8.251031595 0.004477848 1 Gm49388 -5.498258871 3.69366E-07

2 Dppa3 -5.386982549 8.93158E-05 2 H2ac19 -3.73970665 7.53176E-06

3 Arg1 -3.702545494 0 3 Angptl4 1.067243429 1.05094E-09

4 Apoc2 -3.655969572 0 4 Has1 1.15769597 1.93317E-09

5 Cx3cr1 -3.375912108 0 5 Tppp 1.195402653 7.45516E-10

Clo vs. 
Untreated

Clo vs. 
Untreated

1 Fam177a2 10.79583422 0.000677368 1 Rnase2a 8.320759409 2.45155E-10

2 Krt71 -8.355108751 0.004662645 2 Fam177a2 5.350918404 0

3 1810049J17Rik -7.947567043 0.007123406 3 Arg1 5.182133764 4.07008E-13

4 Fads2b 6.420589889 7.71131E-05 4 Ccl17 5.036669441 0

5 Prnd 5.739585817 0 5 Npy2r -4.934468709 3.28629E-08

Clo vs. mAB Clo vs. mAB

1 Gm49388 -8.514262905 0.003597088 1 Fam177a2 11.24955483 7.50431E-05

2 Nyap2 -6.01272387 8.00449E-06 2 Rnase2a 8.233645967 3.25946E-10

3 Fads2b 8.717890533 0.00553324 3 Ccl17 6.627442333 0

4 C7 -5.473909379 0 4 Arg1 5.887521623 7.80487E-14

5 Arg1 4.533672454 7.20828E-10 5 H2ac19 5.853943482 0

Table 3: Top 5 DEGS per comparison and time point. 
1 Day Post Injury 4 Weeks Post Injury

Fam177a2: Family With Sequence Similarity 177, Member A2; Dppa3: Developmental Pluripotency Associated 3; Arg1: Arginase 1; Apoc2: 
Apolipoprotein C2; Cx3cr1: C-X3-C Motif Chemokine Receptor 1; Krt71: Keratin 71; 1810049J17Rik: RIKEN cDNA 1810049J17 gene; Fads2b: 
Fatty Acid Desaturase 2B; Prnd: Prion Like Protein Doppel; Gm49388: predicted gene, 49388; Nyap2: neuronal tyrosine-phophorylated 
phosphoinositide 3-kinase adaptor 2; C7: complement component 7; H2ac19: H2A Clustered Histone 19; Angptl4: Angiopoietin-like 4; 
Has1: Hyaluronan synthase 1; Tppp: Tubulin Polymerization Promoting Protein; Rnase2a: Ribonuclease A Family Member 2; Ccl17: C-C 
Motif Chemokine Ligand 17; Npy2r: Neuropeptide Y Receptor Y2; 
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Supplementary Table 1:  

Details for each antibody used in the T-cell panel are given. In addition, information is provided 

for the relevant buffers used.  
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5.3  Main Findings of the Study 
Depletion of Ly6Chigh monocytes via systemic anti-CCR2 treatment in the immediate peri-

injury time period led to a lasting mitigation of chondrocyte hypertrophy and apoptosis as well 

as a reduced synovitis and synovial lining hyperplasia on a histopathological level. On a 

cellular level anti-CCR2 treatment led reduced monocyte influx into the joint and an overall 

anti-inflammatory cellular microenvironment. Joint damage was ameliorated after anti-CCR2 

treatment and despite the short-term treatment that started prior to injury, lasting mitigation of 

bone and cartilage damage were detected. Treatment with IV clodronate-liposomes resulted in 

a number of similar changes as anti-CCR2 in systemic myeloid cells. This can be explained by 

the overlap in targeted myeloid cells of the two treatments whereas the inflammatory reaction 

caused by the broad apoptosis of immune cells resulting from IV clodronate-liposomes 

counteract some of the anti-inflammatory effects observed when only targeting a specific 

subset of pro-inflammatory myeloid cells (anti-CCR2). Thereby the differences observed 

subsequent to a treatment having both a pro- and anti-inflammatory effect (IV clodronate-

liposomes) compared to a targeted depletion of pro-inflammatory monocyte subsets (anti-

CCR2) suggest the importance of the immediate post-injury inflammatory response in long-

term joint inflammation and ptOA-risk. This may explain the distinct temporal differences in 

effect of the two treatments on ptOA pathology and lack of sustained or significant disease 

modification with IV clodronate-liposomes. Despite a short-lived reduction in histological 

synovitis joint damage was unaltered by STRM depletion. On a cellular level depletion of 

STRM led to a more distinct pro-inflammatory response with a significantly increased synovial 

BO macrophage Ly6C+/Ly6C- and M1/M2 ratio. Interestingly, although the depletion of 

STRM was performed prior to joint injury, lasting pro-inflammatory changes were observed 

throughout the study period. In addition, GSEA analysis indicated that even after 4 weeks 

immune cell chemotactic and migratory pathways were increased supporting an ongoing 

inflammatory response. Again, this indicates that acute peri-injury changes in the joint-

inflammatory status are critical for long-term joint inflammation and ptOA risk. 
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Chapter 6 
 
 
6 Evaluating CD40:CD40L as a Potential Early 
Target in the Treatment of ptOA 
 

 

6.1  Aim of the Study 
 

Data from Chapter 4 and Chapter 5, acquired in addition to the main immune cell focus of 

the respective studies (and thus not presented previously), indicated that a depletion of immune 

cell subsets of either the adaptive or innate immune system prior to joint injury had a broader 

anti-inflammatory effect beyond the targeted cells on pro-inflammatory cells from the other 

(non-targeted) arm of the immune response. This data indicated a potentially crucial role for 

factors orchestrating the interplay between key players of the innate and adaptive immune 

response which could serve as a promising target for an early immunomodulatory treatment of 

ptOA. The CD40/CD40L axis has been established as a prominent orchestrating factor and 

thus became the focus of this subsequent study. 

CD40L, also known as CD154, is a type II transmembrane protein almost exclusively 

expressed on the surface of activated CD4+ T-cells (Elgueta, R. et al. 2009; Graf, D. et al. 

1995), whereas its receptor CD40 is expressed primarily on antigen presenting cells (APCs) 

and B-cells (Bretscher, P. A. 1999; Elgueta, R. et al. 2009). CD40/CD40L interactions 

stimulate a broad pro-inflammatory response (Zirlik, A. et al. 2007) including macrophage 

activation and promotion of a Th1 immune response (Soong, R. S. et al. 2014) with the 

potential to initiate a pro-inflammatory amplification loop. Thus, this study was designed to 

inhibit the CD40:CD40L pathway to investigate the therapeutic potential of an early inhibition 

of factors orchestrating the interplay between innate and adaptive inflammation post joint 

injury. 
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6.2 Drafted Manuscript for Submission: In-vivo 

evaluation of CD40 ligand as an early potential target in the 

treatment of post-traumatic osteoarthritis 
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Introduction: 

Osteoarthritis (OA) is a multi-factorial and slowly progressing disease of synovial joints [1] 

ending in structural damage to all joint tissue, pain and disability affecting patients on an 

individual level and, due to the high global prevalence, society as a whole on a socioeconomic 

level [2]. Despite increased research efforts over the last decades to further improve 

understanding of the underlying mechanisms driving OA, to date the most effective treatment 

option to improve the quality of life of patients remains joint replacement which due to cost 

and implant life is largely only done at end-stage disease [1]. Therapies that can be 

implemented earlier to prevent structural damage and functional consequences are urgently 

needed [3]. In recent years a variety of treatments have entered the clinical trial stage targeting 

different aspects of OA (such as cartilage destruction, inflammation, or associated pain [1, 4]) 

albeit with limited success. One potential explanation could be that to date clinical studies have 

included patients with already established structural and symptomatic OA which might prove 

to be too late for a preventative or reversative treatment approach.   

Substantial evidence indicates a crucial role for both the adaptive and innate immune system 

in the pathogenesis of OA [5], and immunomodulation has been proposed as a promising early 

treatment modality [6]. Adaptive immune targets have been identified as proinflammatory 

CD4+ T-helper (Th) cell subsets Th1 and Th17 that promote OA development [7]. In particular, 

a skewed proinflammatory differentiation towards Th1 cells has been demonstrated in the 

synovial fluid and membrane of early OA patients [8]. On the innate immune side, monocyte-

derived macrophages [9, 10] polarizing into their pro-inflammatory M1 state [11, 12] have 

been shown to promote and sustain inflammation during OA development while contributing 

directly towards cartilage destruction via secretion of IL-1b and TNF-a as well as catabolic 

enzymes such as ADAMTS-4 and MMP-13 [13-15]. While the effects of a targeted depletion 

of individual cellular components has been explored in previous studies of our group [16] (see 
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Chapter 4.2 and Chapter 5.2), an intricate interplay between cells of the adaptive and innate 

immune system exists that might compensate immunomodulatory effects originating from an 

individual/selective approach [17]. Targeting molecular mechanisms orchestrating this 

innate/adaptive interplay pose a promising potential treatment approach.    

The ligand for CD40 (CD40L; also known as CD154) is a type II transmembrane protein of 

the TNF superfamily almost exclusively expressed on the surface of activated CD4+ T-cells 

[18, 19]. The receptor, CD40, is expressed primarily on antigen presenting cells (APCs) and 

B-cells [18, 20]. CD40/CD40L interactions stimulate a broad pro-inflammatory response [21] 

including macrophage activation and promotion of a Th1 immune response [22] with the 

potential to initiate a pro-inflammatory amplification loop. While an overexpression of both 

CD40L [23-25] and CD40 [26] has been shown in rheumatoid arthritis, the role of the 

CD40/CD40L axis in OA is presently unknown.  

In the current paper we report on the “cross-immune-system” effects from previous 

interventional studies independently targeting specific aspects or either the adaptive (see 

Chapter 4.2) or innate (see Chapter 5.2) immune system in a non-surgical murine post-

traumatic (pt)OA model (i.e. innate immune cell changes when targeting T-cells, and vice-

versa). We then describe the effects on the inflammatory/immune response and the onset and 

development of ptOA, of directly targeting the innate-adaptive immune system interaction by 

inhibiting CD40L.   
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Materials and Methods 

Animals and ptOA model 

All experiments were approved by the Northern Sydney Local Health District Animal Ethics 

Committee (protocols RESP/19/067, RESP20/082, RESP20/083 and RESP21/014), with 

DEPART and ARRIVE guidelines followed for experimental design and reporting [27, 28]. 

The present manuscript includes presentation of previously unpublished data from earlier 

studies inhibiting IL12/p40 (affecting development of Th1 and Th17 T-cells; see Chapter 4.2) 

and CCR2 (depleting of Ly6Chigh monocytes; see Chapter 5.2) in mouse ptOA. In this study 

new experiments investigating the effect of targeting CD40L in ptOA used a total of 240 10-

12-week-old, male C57BL/6 mice, with animals housed as described in earlier studies (see 

Chapter 4.2 and Chapter 5.2) in individually-ventilated cages (up to 5/cage) with commercial 

bedding, environmental enrichment (perspex housing, wooden sticks, tissues), ad-libitum 

access to standard pelleted mouse feed and acidified water, in a dedicated SPF vivarium 

maintained at 20-22 °C with 12-hour light/dark cycles, and cared for in accordance with the 

Australian code [29]. An overview over the study design, sample size per experiment and the 

allocation of animals is provided in Figure 1. Animals housed in the same cage were randomly 

assigned to each set of experiments but all animals in the cage were sacrificed at the same time 

(see below) to avoid isolation stress.  

The non-surgical Anterior Cruciate Ligament Rupture (ACLR) model [30, 31] was used to 

induce ptOA. Briefly, a single compressive load was applied to the tibia of the flexed knee in 

mice anesthetized with isoflurane in oxygen, resulting in posterior subluxation of the femur 

and ACL rupture without additional macroscopic damage to other structures within the joint 

[31]. ACLR results in rapid onset and progression of joint-wide ptOA structural pathology 

accompanied by acute post-injury synovitis and loco-regional innate and adaptive immune 

response (see Chapter 2.2.2.2, Chapter 3.2, Chapter 4.2, and Chapter 5.2). Age- and sex 
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matched naïve non-operated control (NOC) mice were included in a subset of experiments as 

indicated in the respective results section.  

 

In-vivo experiments 

Details regarding IL12/p40 and CCR2 inhibition with specific antibodies, along with their 

respective controls, have been published previously (see Chapter 4.2 and Chapter 5.2). Two 

different approaches to target CD40L (with separate controls) were utilised, resulting in four 

treatment groups for this arm of the study as detailed below. An established and commercially 

available anti-CD40L antibody (InVivoMAb anti-mouse CD40L, BioXCell, catalogue 

#BE0017) or the respective isotope control, as advised by the manufacturer (InVivoMAb 

polyclonal Armenian hamster IgG, BioXCell, catalogue #BE0091), was administered 3 times 

by intraperitoneal injection (500µg 6, 24 and 72 hours after ACLR for each animal). A novel 

small-molecule inhibitor (SMI) of the CD40/CD40L axis (DRI-C21045; MedChemExpress, 

catalogue #HY-120323) [32] that can be injected subcutaneously was used to explore an 

alternative targeting pathway. A 10mM solution of DRI-C21045 in 30% 2-Hydroxypropyl-β-

cyclodextrin (HP-β-CD) was prepared fresh before administration as published previously 

[32]. Animals received 250µl subcutaneous injections 6, 24, 48 hours after ACLR of either 

DRI-C21045 (1.6mg/mouse/injection) or carrier solution (as control). As a general rule for all 

treatments animals harvested 1-day post-ACLR only received the first injection. As in the 

previous IL12p40 and CCR2 inhibition experiments, day 0 in the current CD40L studies was 

defined as the day of ACLR, with tissues harvested day-1, week-1, -4 or -6 (n = 12 

mice/group/time).  

 

Flow cytometry experiments 
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Blood (terminal cardiac puncture under general anaesthesia), contralateral femoral bone 

marrow, and synovial tissue were harvested from all animals as described previously [33] (see 

Chapter 2.2.2.1). In the current CD40L inhibition studies tissues were pooled randomly within 

groups from three animals to increase cell numbers per sample resulting in n=3 replicates for 

each tissue-source at each time point in each animal group (9 mice/group/time point resulted 

in n = 3 biological replicates/group/time). The detailed protocol that was followed regarding 

the harvest of tissues and preparation of single cell solutions and the utilized multi-color 

antibody panel has been validated and published previously [33] (see Chapter 2.2.2.1 and 

Chapter 3.2, Chapter 4.2 and Chapter 5.2). All gating and flow cytometry were done by a 

single researcher (PH), batched by timepoint but with randomization and concealment of 

intervention group in each batch. Additional information regarding the utilized antibodies in 

the current study can be found in Table S1.  

 

Gene Expression Analysis  

As outlined in Fig. 1 two cohorts were used for gene expression analysis. Total RNA was 

isolated from the synovial tissue and lymph node of: 

1) Untreated ACLR and NOC mice (n = 6/group/time point) as baseline levels without 

intervention.  

2) Animals receiving treatment as descripted in ‘In-vivo experiments’ (n = 3/group/time 

point) to assess the influence of the treatment on the genomic expression of CD40 and 

CD40L. 

In particular, tissues were harvested and immediately snap frozen in liquid nitrogen and stored 

at -80C until further processing. Total RNA was isolated (tissue (freeze pulverized): RNeasy 

Micro Kit, Qiagen cat# 74004; following manufacturer’s protocols), quantified using 

Nanodrop and then an equal quantity (1ug) RNA reverse transcribed for all samples (GoScript 
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RT kit, Promega cat# A2791) as previously described [34-37]. Primers were designed using 

MacVector (see Table S2 for individual primer sequences) and PCR specificity confirmed by 

product sequencing and melt-curve analysis [34-37].  

 

Histopathological scoring 

After removal of the anterior synovium (for flow cytometry) knee joints were fixed, 

decalcified, paraffin-embedded, and serial sagittal sections across the medial femoro-tibial 

joint cut and stained with toluidine blue-fast green as previously described (n = 9 

mice/group/time point) [35, 36, 38]. Utilizing a modified single slide scoring system [39] (see 

Chapter 2.2.2.2) femoral and tibial cartilage and structural damage, tibial and femoral 

chondrocyte hypertrophy and apoptosis, anterior/posterior tibial/femoral 

osteophyte/enthesophyte size and maturity, fibrotic changes in the joint capsule and posterior 

femoral synovitis, were determined by a single trained observer (PH) blinded to time and 

treatment. Finally, median values for each histopathological feature for each group and time 

point were generated and compared as described below. 

 

Statistics 

The individual histology-outcomes were considered as categorical and independent variables, 

as prior analysis demonstrates they change differentially and with distinct temporal patterns in 

different OA models [39], and are independently modified in response to treatment/genetic-

modification [35-38, 40]. Non-parametric analyses (Kruskal-Wallis and Mann-Whitney-U) 

were used to assess differences between groups for all histological-outcomes at each post-

injury timepoint. Histological data is presented as median ± error. Flow cytometry and PCR 

data is presented as mean ± standard error of the mean (SEM). Two-way analysis of variance 

(ANOVA) with post-hoc Tukey’s correction for multiple comparisons was used to compare all 
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individual variables. All statistical tests used an α-level of 0.05, and differences are marked as 

follows: p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). All statistical 

calculations were performed with GraphPad Prism (Version 9.0.0). 

 

Results 

Co-dependent effects of selective innate or adaptive immune system inhibition during onset 

and development of ptOA 

In a previous study conducted in our group using the same ACLR-ptOA model, we targeted 

the IL12p40 pathway affecting development of both Th1 and Th17 cells in response to joint 

injury and investigated the effects on the onset and development of ptOA (Fig. 2A) (see 

Chapter 4.2). Despite peri-injury inhibition of IL12p40 being specifically directed towards 

and significantly decreasing synovial Th1 and Th17 T-cell polarization (see Chapter 4.2), this 

treatment also led to a significantly lower synovial M1/M2 macrophage ratio not only in blood 

originated (BO) macrophages but also in synovial tissue resident macrophages (STRM) 

between 1- and 4-weeks post injury (Fig. 2B). Similarly, peri-injury anti-CCR2 administration 

targeting Ly6Chigh monocytes (Fig. 2A) not only depleted synovial BO and STRM macrophage 

numbers and their M1/M2 polarization (see Chapter 5.2), but also led to a reversed 

inflammatory state of synovial CD4+ T-helper cells observed by a ratio<1 of Th1/Th2 and 

Th17/Treg polarization for the 6-week duration of the study (Fig. 2C). Taken together these 

results indicate that specific depletion of immune cell subsets of either the adaptive or innate 

immune system in the peri-injury period has a broader anti-inflammatory effect significantly 

modulating cells in the other arm of the immune response. These results confirm the 

importance of crosstalk between innate and adaptive immune cell subsets during pathogenesis 

of ptOA. 
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Expression of CD40:CD40L is modulated in ACLR. 

To evaluate if the CD40/CD40L axis may be involved in the pathogenesis of ptOA we 

compared the mRNA expression of both genes in ACLR compared with NOC (Fig. 3). Levels 

of both CD40L and CD40 mRNA were significantly transiently (day 1) increased in synovium 

but unchanged in draining lymph-nodes after joint injury (Fig. 3A and B, upper panels). Over 

time levels of both CD40 and CD40L mRNA decreased and were comparable to NOCs after 4 

weeks. Anti-CD40L treatments induced very little change in CD40L mRNA in synovium or 

draining lymph-node, with only mAB treated mice at 1-day showing an increase in expression 

in lymph-node relative to controls (Fig 3A and B lower panels). Similarly, effects on CD40 

mRNA expression were also limited, again the mAB induced transient (day-1) increase in in 

draining lymph-node with both agents decreasing CD40 mRNA in lymph-node at week 6 

relative to controls.    

 

Anti-CD40L treatment modulates synovial and systemic innate and adaptive immune response. 

Despite the lack of effect on CD40/CD40L mRNA expression, peri-injury anti-CD40L 

treatments had a significant impact on the synovial innate and adaptive cell influx following 

ACLR (Fig. 4). The anti-CD40L mAB significantly decreased synovial CD4+ T-helper cells 

between 1-and 4-weeks, while the effect of the SMI was less and not evident until 4-weeks 

(Fig 4A). By 6 weeks there was no difference in synovial CD4+ T-helper cell expression 

between either anti-CD40L treatment and their controls. However, both anti-CD40L treatments 

had a significant anti-inflammatory immunomodulatory effect decreasing the synovial 

Th1/Th2 and Th17/Treg polarization over the entire study period (Fig. 4A). While not 

significantly different to each other there was some suggestion that the mAB had a more 

pronounced effect on Th1/Th2, while the SMI tended to be more active in reducing Th17/Treg. 

Analysis of synovial innate immune cell subsets indicated that the influx of blood originated 
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(BO) macrophages into synovium was unchanged until 6-weeks when numbers were decreased 

by both the mAB and SMI relative to their controls (Fig. 4B). In contrast, synovial BO 

macrophages had a clear anti-inflammatory M2 dominated polarization from week 1-4 with 

both anti-CD40L treatments. The number of STRM was also minimally affected by anti-

CD40L, with the SMI actually increasing these cells acutely post-ACLR (day-1) while the 

mAB decreased STRM at 4-weeks after joint injury. Despite this, as with BO there were major 

effects on STRM M1/M2 polarization, with SMI-treated mice having an anti-inflammatory 

polarization ratio (<1) at 1-week while in mAB treated mice this did not occur until 4-weeks. 

To further evaluate the extent of the anti-CD40L treatment and analyse if a systemic effect was 

present, cells from blood and contralateral bone marrow were analysed using flow cytometry 

(Fig. 5). The anti-CD40L mAb induced a marked anti-inflammatory polarization in blood 

innate (M1/M2 day-1 to week-4; Ly6Chigh/low day-1 to week-1) and adaptive (Th1/Th2 day-1 

to week-4; Th17/Treg day-1 to week-1) immune cell subsets. The SMI on the other hand had 

less effect on blood M1/M2 and Th1/Th2 but similar suppression of Th17/Treg polarization.  

Surprisingly, treatment with SMI led to an increased Ly6Chigh/low monocyte ratio in blood (Fig. 

5A). While both anti-CD40L treatments had only minor influence on the overall percentages 

of macrophages in the contralateral bone marrow (Fig. 5B), they led to an anti-inflammatory 

M1/M2 polarization and as in blood, these changes were more pronounced with the mAB in 

comparison to SMI. Interestingly, analysis of adaptive immune cell subsets showed that a pro-

inflammatory Th1/Th2 ratio (i.e. >1) persisted in all groups over the entire study period. 

However, mAB treatment led to a significantly lower ratio 1-week post injury onwards, 

whereas SMI treatment only led to a significant decrease acutely (day-1; Fig. 5B). In contrast 

with peripheral blood, anti-CD40L treatment had limited effect on bone-marrow Th17/Treg 

polarization.  
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Targeting anti-CD40L mitigated ptOA joint pathology and synovitis.  

Tissues were harvested after 1 day, 1 week, 4 weeks and 6 weeks following joint injury and 

joint pathology compared between treatment groups and their respective controls (Fig. 6A).  

Evaluation of the fibrotic changes in the joint capsule showed that only the mAB significantly 

reduced synovial fibrosis (week-4) (Fig. 6B). Although treatment with the mAB reduced both 

the cartilage and osteochondral damage over time, differences were only significant at 6-weeks 

(total cartilage damage). While similar effects on cartilage and osteochondral damage were 

seen with the SMI at 4-weeks this did not persist at 6 weeks (Fig. 6C). The mAB also had a 

much more pronounced and persistent effect in reducing chondrocyte hypertrophy and 

apoptosis compared with the SMI. This same pattern was evident in osteophyte/enthesophyte 

severity, with the mAB having lower scores 1-week post injury onwards while SMI treatment 

only reduced week-4 scores (albeit at a non-significant extent). Histopathological assessment 

of total synovitis and the synovial hyperplasia sub-scores revealed a significant anti-

inflammatory response after the mAB treatment (Fig. 6D).  

 

Discussion 

The findings from this study indicate that blockade of anti-CD40L has an immunomodulatory 

effect in context with ptOA. On a cellular level, it seems to lead to an anti-inflammatory 

microenvironment in the synovial tissue block by reducing the Th1/17 dominated adaptive 

immune response observed in the control group. Although the expression level of macrophages 

originating from peripheral blood did not decrease during early and intermediate stages of 

ptOA development anti-CD40L treatment resulted in an anti-inflammatory polarization of not 

only migrating macrophages but also STRM. Furthermore, we observed an 

immunomodulatory effect of the anti-CD40L treatment and a mitigation in joint pathology. 
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However, anti-CD40L treatment was not able to prevent degeneration and joint damage which 

might be explained by an ongoing biomechanical instability in the utilized murine ptOA model. 

 

In recent years studies have investigated the role of the CD40:CD40L pathway in the 

pathogenesis of RA [41] [42]. Upregulation of CD40 was determined as a cause rather than a 

consequence during chronic inflammation [42], and a recent study that utilised a specific high-

throughput drug screen of the CD40 signaling pathway in RA patients predicted that drugs 

attenuating the CD40 mediated inflammatory pathway will either protect from RA or mitigate 

symptoms during active disease [41]. Furthermore, in diseased tissues of RA patients the 

expression of CD40L and full-length CD40 was increased compared to healthy controls, and 

downstream mediators of the CD40L signaling pathway were identified as GPR120 and 

KDM6B [43]. Stimulation of CD40L led to a downregulation of GPR120 and upregulation of 

KDM6B [43]. Interestingly, GPR120 was later identified as an important regulator of the 

inflammatory response during development of OA, and GPR120 knockout mice had higher 

inflammation and cartilage damage compared to WT controls [44]. Additionally, KDM6B 

expression was increased in damaged cartilage compared to undamaged controls, implicating 

a role for KDM6B in OA articular cartilage damage and loss [45-47]. Drivers for an induced 

KDM6B expression have been identified as IL-1β and TGF-β, both of which are a known 

promoters of OA development [45]. While the role of the CD40:CD40L is mostly unexplored 

in context with ptOA, dysregulation of CD40L downstream signaling in OA joint tissues 

suggest this pathway may play a role.  

A variety of CD40L antagonists have entered the early clinical trial phase for RA [48], with 

reduction in inflammatory response bone resorption markers [49], as well as clinical efficacy 

reported [48, 50]. To the best of our knowledge the current study is the first to directly 

investigate the efficacy of anti-CD40L treatment on the development of ptOA albeit on a pre-
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clinical level. Our findings indicate that acute post-injury blockade of CD40L has an 

immunomodulatory effect. As anticipated based on the role of CD40/CD40L in crosstalk 

between the innate and adaptive immune response, CD40L blockade modulated the number 

and polarization of cells from both arms of the inflammatory response in the synovial tissue. 

In particular, the acute and persistent reduction in both BO and STRM macrophage M1/M2 

was temporally consistent with reduced synovial CD4+ Th1/Th2 and Th17/Treg polarization. 

As with targeting either innate (see Chapter 5.2) or adaptive (see Chapter 4.2) pathways 

alone, trans-immune-system modulation by blocking CD40L decreased the progression and 

severity of structural osteochondral ptOA pathology and synovial inflammation and fibrosis. 

Importantly the CD40L-targeting strategy, unlike the previous individual innate/adaptive 

system inhibition studies was initiated post-injury (albeit only 6 hours), providing evidence 

that a clinically relevant therapeutic approach may be possible. Future studies with greater 

delays in initiating anti-CD40L treatment are needed to better define the therapeutic window.   

In contrast to RA, ptOA is associated with biomechanical instability and a recent review 

highlighted the importance of the mechanical status of the joint when considering 

immunomodulatory therapies for the early treatment of OA/ptOA [1]. Without restoration of 

the joint’s biomechanical status, immunomodulatory treatment by itself may be unlikely to 

fully prevent structural damage. Anti-CD40L treatment while mitigating was not able to 

prevent progression of joint structural, and future studies should look to combine restoration 

of the biomechanics and adjunct immunomodulatory treatment utilizing anti-CD40L treatment. 

In addition, studies in females and older mice are needed to confirm the broader efficacy of 

anti-CD40L. Although both treatments used in the current study targeted CD40L we detected 

a more distinct and longer lasting effect after treatment with mAB compared to the SMI. A 

potential reason lies in the different pharmacokinetic profiles of each treatment modality. DRI-

C21045 is metabolised rapidly after sub-cutaneous injection with an elimination half-life of 2 
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hours in plasma [32] while a clinical study utilizing a similar concentration of mAB treatment 

(1.7mg/kg) showed an elimination half-life of 9.79-16.1 days [51]. Future studies with more 

frequent administration and/or developing and using a more sustained release formulation of 

DRI-C21045 would be beneficial.   

 

Limitations 

In the current study CD40 pathway modulation was conducted 6 hours post joint injury. This 

time point was chosen as 6 hours would allow enough time for an injured patient to seek 

medical advice and confirm the ACL rupture with imaging modalities. However, this study is 

intended as a pilot study focusing only on the immunomodulatory effect of anti-CD40L 

treatment subsequent to joint injury and ptOA development. Studies are needed that determine 

the optimal therapeutic window for administration as well as investigate if a local intraarticular 

therapy is possible or a systemic administration is needed.  

The current study purposefully only included a non-surgical rupture model (ACLR), however 

future studies are needed that evaluate the influence of this treatment across ptOA animal 

models deriving from differing injuries. Furthermore, the current study used only young male 

mice in order to keep groups homogenous, however, studies are needed that include other 

variables known to influence OA development (e.g. sex, age, metabolism). Additionally, we 

were unable to include pain outcome evaluation and comparisons because of the number of 

animals used across time points and experiments, but the effect of CD40 pathway modulation 

on pain should fall within the scope of a future study. Finally, mice in the current study had 

ongoing mechanical joint issues and the effect of CD40 pathway modulation in combination 

with restoration of biomechanics warrants detailed investigation.   
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Conclusion 

The current study provides first evidence regarding a potential benefit of anti-CD40L treatment 

via an immunomodulatory effect during onset and progression of ptOA. Further studies are 

needed that investigate the effect of this treatment in combination with restoration of 

biomechanics as well as optimising ways of administration, dosage, and duration of treatment.  
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Figure 1: Visualization of the study design and animal allocation into each study. Experiments 

were divided into genomic in-vivo experiments and therapeutic in-vivo experiments. Groups, 

treatments, time points, sample size and outcomes are detailed for each set of experiment.   

 

Figure 2: Results of flow cytometry data is shown that was acquired during previous studies 

using the same animal model (ACLR) and outcome parameters. A provides a schematic 

overview over the underlying treatments for data shown in B and C. In B antibody mediated 

IL12/23 pathway inhibition was used to modulate the adaptive immune response. Here the 

indirect influence of this treatment on innate immunity in the synovium is shown. In C antibody 

mediated Ly6Chigh monocyte depletion was performed to modulate the innate immune 

response. Here we show the indirect influence of this treatment on the adaptive immune 

response in the synovium. The + symbol indicates results from the statistical comparison of 

anti-IL12p40 treated vs saline control, * anti-CCR2 treated vs saline control. All statistical tests 

used an α-level of 0.05, and differences are marked as follows: p<0.05 (*,+), p<0.01 (**,++), 

p< 0.001 (***,+++) and p< 0.0001 (****,++++). Data is presented as mean ± SEM and n = 6 

biological replicates (pool of tissues from 2 mice)/group/time point. 

 

Figure 3: Results of the genomic in-vivo experiments over time are shown. The qPCR results 

for CD40L (A) and CD40 (B) for the draining lymph node (left) and synovial tissue block 

(right) are shown. The upper two panels of both A and B show the expression pattern in either 

ACLR or NOC mice over time without any pathway modulation or treatment. The lower two 

panels of both A and B show the expression pattern in the interventional groups of the study 

as well as their controls (1:ACLR+anti-CD40L treatment; 2:ACLR+small molecule anti-

CD40L; 3:ACLR+isotype antibody à control for group 1; 4:ACLR+carrier solution à control 

for group 2). The + symbol indicates results from the statistical comparison of ‘ACLR+small 
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molecule anti-CD40L’ vs ‘ACLR+carrier solution’ mice, while the ^ symbol is used for the 

comparison of ‘ACLR+anti-CD40L treatment’ vs ‘ACLR+isotype antibody’ mice. All 

statistical tests used an α-level of 0.05, and differences are marked as follows: p<0.05 (+,^), 

p<0.01 (++,^^), p< 0.001 (+++,^^^) and p< 0.0001 (++++,^^^^). Data is presented as mean ± 

SEM and n = 6 animals/group/time point. 

 

Figure 4: Results of the flow cytometry experiments of the locoregional adaptive and innate 

immune response. A shows the influence of antibody mediated and small molecule mediate 

pathway modulation on CD4+ helper cells, and the inflammatory status assessed by the 

Th1/Th2 ratio and Th17/Treg. B shows the influence of antibody mediated and small molecule 

mediate pathway modulation on blood originated as well as synovial tissue resident 

macrophages and their inflammatory polarization status assessed with the M1/M2 ratio. The + 

symbol indicates results from the statistical comparison of ‘ACLR+small molecule anti-

CD40L’ vs ‘ACLR+carrier solution’ mice, while the ^ symbol is used for the comparison of 

‘ACLR+anti-CD40L treatment’ vs ‘ACLR+isotype antibody’ mice. All statistical tests used an 

α-level of 0.05, and differences are marked as follows: p<0.05 (+,^), p<0.01 (++,^^), p< 0.001 

(+++,^^^) and p< 0.0001 (++++,^^^^). Data is presented as mean ± SEM and n = 3 biological 

replicates (pool of tissues from 3 mice)/group/time point. 

 

Figure 5: Results of the flow cytometry experiments of the systemic adaptive and innate 

immune response are shown. A gives an overview over the innate (upper two panels) and 

adaptive (lower two panels) immune response in blood. B gives an overview over the innate 

(upper two panels) and adaptive (lower two panels) immune response in the contralateral bone 

marrow. The + symbol indicates results from the statistical comparison of ‘ACLR+small 

molecule anti-CD40L’ vs ‘ACLR+carrier solution’ mice, while the ^ symbol is used for the 
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comparison of ‘ACLR+anti-CD40L treatment’ vs ‘ACLR+isotype antibody’ mice. All 

statistical tests used an α-level of 0.05, and differences are marked as follows: p<0.05 (+,^), 

p<0.01 (++,^^), p< 0.001 (+++,^^^) and p< 0.0001 (++++,^^^^). Data is presented as mean ± 

SEM and n = 3 biological replicates (pool of tissues from 3 mice)/group/time point. 

 

Figure 6: Results of histopathological evaluation of the joint. A provides a schematic overview 

over the tissues utilized and outcome measurements. B visualizes the fibrotic changes to the 

joint. C shows the combined tibiofemoral cartilage damage over time, as well as chondrocyte 

hypertrophy/apoptosis over time, and osteochondral damage over time as well as the total 

remodeling assessed as the combined osteophyte and enthesophyte severity adjacent to the 

joint. Lastly, D focuses on the synovial inflammation over time, by showing combined total 

synovitis and the synovial hyperplasia scores. The + symbol indicates results from the 

statistical comparison of ‘ACLR+small molecule anti-CD40L’ vs ‘ACLR+carrier solution’ 

mice, while the ^ symbol is used for the comparison of ‘ACLR+anti-CD40L treatment’ vs 

‘ACLR+isotype antibody’ mice. All statistical tests used an α-level of 0.05, and differences are 

marked as follows: p<0.05 (+,^), p<0.01 (++,^^), p< 0.001 (+++,^^^) and p< 0.0001 

(++++,^^^^). Data is presented as median ± 95% CI and n = 9 animals/group/time point. 
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Supplementary Table 1:  

Details for each antibody used in each of the two panels are given. In addition, information is 

provided for the relevant buffers used.  

 

Supplementary Table 2:  

Details for the primer sequences used in the study are provided. bp= base pairs.  
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6.3  Main Findings of the Study 
 

The findings from this study indicate that blockade of anti-CD40L has an immunomodulatory 

effect in context with ptOA. On a cellular level, it seems to lead to an anti-inflammatory 

microenvironment in the synovial tissue block by reducing the Th1/17 dominated adaptive 

immune response observed in the control group. Although the expression level of macrophages 

originating from peripheral blood did not decrease during early and intermediate stages of 

ptOA development anti-CD40L treatment resulted in an anti-inflammatory polarization of not 

only migrating macrophages but also STRM. Furthermore, we observed an 

immunomodulatory effect of the anti-CD40L treatment and a mitigation in joint pathology. 

However, anti-CD40L treatment was not able to prevent degeneration and joint damage which 

might be explained by an ongoing biomechanical instability in the utilized murine ptOA model. 

As stated in the review by Grassel et al. (Grassel, S. et al. 2020) it is likely that 

immunomodulatory treatment itself is not sufficient to prevent joint pathology thus a 

combination of the restoration of the biomechanics and adjunct immunomodulatory treatment 

utilizing anti-CD40L treatment seems promising and warrants further investigation.   
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Chapter 7 
 
 
7  Overarching Discussions and Conclusion  
 

 

In this thesis I sought to evaluate the influence of the innate and adaptive immune response on 

the pathogenesis of ptOA. Prior to starting this research project an extensive literature review 

was conducted to identify important questions and knowledge gaps in the existing literature. 

Furthermore, existing laboratory techniques were evaluated for their suitability for the planned 

research projects and as a result additional techniques were established, and an established 

technique improved. This preparatory work and method development as part of the PhD has 

been published in international journals (Haubruck, Patrick et al. 2020; Haubruck, Patrick et 

al. 2023; Haubruck, Patrick et al. 2021). In particular, flow cytometry methods were established 

to allow simultaneous analysis of a multitude of immune cell subsets in a variety of primary 

and secondary immunological tissues in mice (Chapter 2.2.2.1). In addition, we streamlined 

an established histopathological scoring method to facilitate application of this system which 

allows evaluation of not only cartilage and osteochondral pathology, but also synovitis, and 

meniscal pathology and remodelling. In the future this streamlined scoring method will reduce 

histopathological processing time and costs and make our scoring method more accessible in 

a wider range of international laboratories and research groups (Chapter 2.2.2.2). Both 

published methods reduce animal numbers necessary to undertake research without limiting 

the robustness of the methods, and thus have a direct ethical impact in addressing the 3-R’s. 

During the initial review of the literature knowledge gaps regarding the role of the 

inflammatory response during pathogenesis of ptOA were identified (Chapter 1.3.5). While 

to date a plethora of studies have investigated aspects of the immune response during onset and 

development of OA, no complete characterisation and direct comparison of the cellular 

immune response following induction of ptOA via a variety of joint injuries has been 

conducted. Thus, in a first step we used a comprehensive flow cytometry analysis and rapid- 

as well as slow-onset surgical and non-surgical murine ptOA models as well as their respective 

controls over 9 time-points, covering early, intermediate, and advanced stages of ptOA, to 
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characterise the innate and adaptive immune response (Chapter 3.2). Here we found a distinct 

spatiotemporal Th1 and Th17 response. While elevated Th1 levels have been shown in 

osteoarthritic synovial tissue on a pre-clinical and clinical level (Li, Y. S. et al. 2017) and thus 

support the findings of our study, Th17 cells were mostly recognized for their role in 

autoimmune disease, such as RA (Waite, Janelle C. et al. 2012). Only recently evidence 

emerged suggesting a potential role for Th17 cells in OA. The findings from our study further 

corroborate these initial results and indicate a crucial role for Th17 cells in the pathogenesis of 

ptOA.  

Based on these findings we intended to further investigate the role of inflammatory T-helper 

cell subsets and thus inhibited either the IL12p40 or IL12p75 pathway, or depleted CD4+ T-

helper cell as a whole and compared the immunological and histopathological effects to 

respective controls (Chapter 4.2). Here, we found that blockade of IL12p40, affecting both 

polarization of Th1 and Th17 cells, had a considerably higher impact on immunomodulation 

and mitigation of histopathological changes. A potential explanation was found in in vitro 

experiments conducted as part of the same study. Naïve CD4+ T-helper cells produced 

chemotactic proteins such as MIP3A, while OA synovial tissue in contact with naïve CD4+ T-

helper cells produced significantly higher amounts of IL1 beta, a known promotor of ptOA. 

Importantly, these molecular processes were governed by IL12/23 and application of Apilimod 

resulted in a significant reduction. Taken together the results of this study indicated that the 

IL12p40 pathway plays a crucial role in promoting and perpetuating the inflammatory response 

during pathogenesis of ptOA via promotion of a pro-inflammatory polarization of T-helper 

cells into Th1 and Th17 cells as well as induction of a direct expression of damaging cytokines, 

such as IL1 beta. Limited studies have been conducted that found an anti-inflammatory effect 

of antibody mediated IL12p40 blockade on Crohns Disease (Castro-Mejia, J. et al. 2016; 

Wang, X. et al. 2015) whereas our study is the first study to show an anti-inflammatory effect 

in context with ptOA introducing IL12p40 as a potential target for disease prevention.  

Characterisation of the innate immune response during development of ptOA showed an influx 

of Ly6Chigh monocytes into the injured joint (Chapter 3.2). Furthermore, induction of ptOA 

led to a pro-inflammatory polarization of both BO macrophages as well as STRMs, whereas a 

polarization switch from a pro-inflammatory M1 subset domination towards an anti-

inflammatory M2 subset domination was observed exclusively in STRMs simultaneous with 

the Th1/Th2 ratio dropping beneath 2.7. Although previous studies have shown that induction 

of CiOA leads to influx of Ly6Chigh monocytes into the joint (Cremers, Niels A. J. et al. 2017) 

our study is the first study that shows a similar pathomechanisms for ptOA.  
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To further investigate the role of Ly6Chigh monocytes as well as STRMs we conducted a 

subsequent study selectively depleting either subset and comparing the results on a cellular, 

molecular, and histopathological level with respective controls (Chapter 5.2). 

Histopathological findings from this study indicated that depletion of Ly6Chigh monocytes on 

a systemic level led to a mitigated joint pathology and decreased local inflammatory response 

in the joint while preventing fibrosis during later stages of the disease. Surprisingly, depletion 

of STRMs did not adversely affect joint pathology. On a cellular level only depletion of 

Ly6Chigh monocytes led to a persistent anti-inflammatory response both in BO macrophages as 

well as STRM while systemic depletion of macrophages had a similar yet less distinct response. 

Importantly, depletion of STRM resulted in an exacerbated pro-inflammatory response both in 

BO macrophages as well as STRMs. On a systemic level, the ratio of M1-like and M2-like 

monocytes was significantly decreased in central blood after Ly6Chigh monocyte depletion, 

while STRM depletion had the opposite effect. Thereby, results from this study supported the 

importance of Ly6Chigh monocytes in the pathogenesis of ptOA while a protective function of 

STRMs can be assumed by our data but was not conclusively shown.  

Data from Chapter 4 and Chapter 5, acquired in addition to the main focus of the respective 

studies, indicated that targeted depletion of immune cell subsets of either the adaptive or innate 

immune system prior to joint injury had a broader anti-inflammatory effect on pro-

inflammatory cells from the other non-targeted arm of the immune response. Thereby this data 

indicated a potentially crucial role for factors orchestrating the interplay between the innate 

and adaptive immune response which could serve as a promising target for an early 

immunomodulatory treatment of ptOA. This led us to design a study inhibiting CD40L, a 

prominent orchestrating factor, via either a monoclonal antibody or small molecule inhibitor. 

The findings from this study indicate that blockade of anti-CD40L has an immunomodulatory 

effect in context with ptOA. On a cellular level, it seems to lead to an anti-inflammatory 

microenvironment in the synovial tissue block by reducing the Th1/17 dominated adaptive 

immune response observed in the control group. Although the expression level of macrophages 

originating from peripheral blood did not decrease during early and intermediate stages of 

ptOA development, anti-CD40L treatment resulted in an anti-inflammatory polarization of not 

only migrating macrophages but also STRM. Furthermore, we observed an 

immunomodulatory effect of the anti-CD40L treatment and a mitigation in joint pathology. 

Initial studies investigated the effects of targeting the CD40:CD40L pathway via monoclonal 

antibodies for the treatment of autoimmune disease (Karnell, Jodi L. et al. 2019). Although an 

immunomodulatory effect was observed, early clinical trials encountered unforeseen 



 236 

thromboembolic events resulting in the discontinuation of treatment (Karnell, Jodi L. et al. 

2019). Recent advances in engineering novel anti-CD40L domain antibodies resulted in an 

uncoupling of immunosuppression and thromboembolism (Xie, Jenny H. et al. 2014) and later 

clinical trials using modified anti-CD40L antibodies in the treatment of autoimmune diseases 

such as RA are ongoing (Karnell, Jodi L. et al. 2019). Our study is the first study that provides 

data regarding the role of the CD40:CD40L pathway in ptOA as well as the potential benefit 

of an early blockade.  

Taken together the results from this thesis show that anti-CCR2, anti-IL12p40 and anti-CD40L 

treatment show promise as biologicals for ptOA disease modification. However, it is important 

to note that both anti-CCR2 and anti-IL12p40 treatment was started prior to ptOA induction. 

Thus, while results from these studies support a pathophysiological role for these pathways in 

the development of ptOA, evaluation of a therapeutic effect post-injury was beyond the scope 

of this thesis and requires further evaluation. Furthermore, despite immunomodulation and 

mitigation of histopathological joint injuries, degeneration and damage to the knee occurred 

over time in each study and was not prevented. A potential explanation lies in the unique 

combination of biomechanical and biological underlying factors in the development of ptOA. 

It is likely that immunomodulatory treatment itself is not sufficient on its own to prevent joint 

pathology, and thus a combination of the restoration of the biomechanics and adjunct 

immunomodulatory treatment seems promising and warrants further investigation (Grassel, S. 

et al. 2020). 

When assessing the translatability of the findings made during the studies included into this 

thesis it is critical to highlight that Chapter 4-5 used the immunomodulatory agents were 

administered prior to joint injury. Therefore, these studies were labelled proof-of-principle 

studies to analyze the contribution of each respective cell type and pathway towards the 

pathogenesis of ptOA. When focusing on a clinical application of these treatments it is not 

feasible to start a treatment prior to injury as the time of injury is unknown. These studies were 

intended to identify key cellular players in the development of ptOA and act as a first step in 

the drug development pipeline. However, it is mandatory that subsequent studies will be 

conducted that evaluate if a treatment post injury has the same anti-inflammatory effect. 

Furthermore, dosage finding, treatment duration, and route of administration need to be 

optimized and tested prior to labelling any of the tested agents a potential candidate for 

DMOADs. In addition, systemic depletion of crucial immune cells might not be feasible in a 

clinical setting as side effects to this treatment are likely. In the animals included into the 

project in this thesis no side effects were observed, and all animals tolerated the treatment well, 
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however safety studies in a larger animal model will be necessary to confirm these preliminary 

observations.  

Chapter 6 utilized a transient inhibition of the CD40 pathway starting 6 hours post injury. 

While this time point was chosen to allow an affected patient to seek medical advice and 

receive imaging diagnostics it is an arbitrary time point and further work is necessary to 

potentially optimize the time frame of treatment. The studies presented in this thesis focus on 

the anti-inflammatory effect of each agent as well as the structural impact during development 

of ptOA. However, these studies used a rapid onset ptOA model resulting in a severe and fast 

progressing ptOA phenotype. Confirmatory studies are needed including a variety of ptOA 

models, as well as female animals. Importantly, pain alleviation has become a major hallmark 

when assessing the efficacy of novel DMOADs. In the studies presented in this thesis pain was 

not assessed as an outcome parameter. Further studies are needed that assess the impact on pain 

after treatment besides the anti-inflammatory and structural outcome parameters. Evidence 

regarding the use of immunomodulation for reducing pain in a variety of disease is starting to 

emerge. For example, IL-1 receptor antagonists were successfully used to treat chronic bladder 

pain (Wullt, Björn et al. 2021). Whether any of the pathway modulations investigated in this 

thesis promote alleviation of pain will fall under the scope of future studies.  

Despite the promising findings of studies included in this thesis, each study is subject to its 

own set of limitations. While flow cytometry has been established as a powerful tool allowing 

simultaneous analysis of a plethora of immune cell subsets it is limited by the set of markers 

used. Although both antibody panels were optimized and tested prior to utilization accuracy of 

cell subset determination is limited. To minimize false identification of subsets a hierarchical 

gating strategy in combination with a multicolor antibody panel was used. Furthermore, 

harvesting of the synovial tissue itself is complex and results in a low cell yield, thus in the 

presented studies the harvested synovial tissue block from multiple mice was pooled to ensure 

sufficient numbers as previously established by our group (Shu, Cindy C. et al. 2020). This 

limits the ability for within-animal correlation of immune-cell changes and pathology 

outcomes. Finally, inhibition of the respective molecular pathways was done via monoclonal 

antibodies and small-molecule inhibitors administered systemically. While this does not limit 

the conclusions on the pathophysiological role of the different pathways in ptOA, it does limit 

the direct clinical applicability, and future research is needed to investigate potential 

therapeutic agents administered and acting on a locoregional level.  

The studies included in this thesis improved the understanding of the role of the innate and 

adaptive immune system in the pathogenesis of ptOA and provided molecular pathways of 
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activation for each identified cellular key play. Furthermore, three distinct targets were 

identified that have an immunomodulatory effect on the onset and development of ptOA. While 

this adds important knowledge to the literature in the field it also lays the groundwork for future 

studies to further the evaluation of pathway modulation as potential DMOADs. In particular, 

the direction of future studies needs to focus on these important aspects: 

 

1) Evaluate the efficacy of anti-CCR2 and anti-IL12p40 treatment at different times after 

induction of ptOA to define a clinically relevant therapeutic window. 

2) Evaluate more localized therapeutic approaches with the existing and/or different 

pathway modulating agents.  

3) Evaluate the efficacy of immune-modulation in combination with a restoration of the 

biomechanics.  

4) Evaluate the influence of the surgical repair approach in #3 above on the loco-regional 

and systemic inflammatory response (as we have shown in chapter 3 that surgery itself 

leads to pro-inflammatory effects) and thus whether the same or additional 

immunomodulatory therapy is needed at the time of restorative surgery (e.g. ACL 

repair) to improve outcomes.   

5) Optimize dosage, duration and pharmacokinetics of each treatment.  

6) Utilize larger animal models and test the efficacy in different models prior to advancing 

a potential treatment into the clinical trial phase for ptOA.  
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