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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 actiology 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



conducted that used antibody mediated depletion of pro-inflammatory subsets of monocytes
(Ly6CMe" 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 Thl 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 Ly6Che" 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



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



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.



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



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,



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-1B, and TNF-a (Oo, W. M. et al. 2021). Diacerein (targeting 1L-18)
showed low efficacy similar to an NSAID, while trials using inhibitors of IL-1 and TNF-a
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.



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



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 (Thl, 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.



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.etal. 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 Thl
(Ishii, H. et al. 2002; L1, 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 (L1, Y. S. et al. 2017; Qi, C. et al.
2016), and decreased numbers of anti-inflammatory Th2 (Haynes, M. K. et al. 2002; L1, 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.



1.3.5 Published Literature Review on the Role of Monocyte

and Macrophages in Post-Traumatic Osteoarthritis
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Synovial joints are complex structures that enable normal locomotion. Following injury,
they undergo a series of changes, including a prevalent inflammatory response. This
increases the risk for development of osteoarthritis (OA), the most common joint disorder.
In healthy joints, macrophages are the predominant immune cells. They regulate bone
turnover, constantly scavenge debris from the joint cavity and, together with synovial
fioroblasts, form a protective barrier. Macrophages thus work in concert with the non-
hematopoietic stroma. In turn, the stroma provides a scaffold as well as molecular signals
for macrophage survival and functional imprinting: “a macrophage niche”. These intricate
cellular interactions are susceptible to perturbations like those induced by joint injury. With
this review, we explore how the concepts of local tissue niches apply to synovial joints. We
introduce the joint micro-anatomy and cellular players, and discuss their potential
interactions in healthy joints, with an emphasis on molecular cues underlying their
crosstalk and relevance to joint functionality. We then consider how these interactions
are perturbed by joint injury and how they may contribute to OA pathogenesis. We
conclude by discussing how understanding these changes might help identify novel
therapeutic avenues with the potential of restoring joint function and reducing post-
traumatic OA risk.

Keywords: osteoarthritis, monocyte - macrophage, inflammation, niche, native immune functions,
synovitis, inmunomodulation

INTRODUCTION

Osteoarthritis (OA) is the most common joint disorder (1). Its prevalence is expected to increase
further (2) due to rising societal levels of ageing, obesity and injury, key risk factors for OA. While
the disease commonly affects knees, hips, hands and feet, OA of the knee accounts for more than
80% of the disease burden (1, 3). The knee is particularly susceptible to injury, with approximately
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40% of patients that suffer a traumatic knee injury developing so-
called “post-traumatic” (pt)OA, and surgical reconstruction and
restoration of joint biomechanics insufficient to prevent its
development (4). Treatment options for OA are very limited,
and there is a particular need for effective preventive and disease
modifying drugs (DMD). This is highlighted by clinical data
showing comparable disease burden at diagnosis but significantly
higher burden 6 months later in OA compared to rheumatoid
arthritis (RA) patients (5). Owing to this paucity of treatment
options and the high and rising prevalence, OA contributes
substantially to the global burden of disease. In a 2015 survey,
OA was identified as the second most prevalent cause for years
lived with disability (2), highlighting the impact OA has on both
individuals and society (2).

Although the name osteoarthritis implies an inherent
inflammatory process (6), it was historically believed that OA
had purely biomechanical causes (7). Indeed, OA was regarded a
disease of the elderly, inevitably caused by years of “wear and
tear”. Breaking with this previously held view, we now know that
OA development involves a complex active biological response
with local interaction between joint tissues and their resident
cells, and these with systemic mediators. This includes an
inflammatory response (8) that is accompanied by complex
metabolic changes, which contribute to cartilage degradation
and activation of bone remodeling (9). Although innate immune
cells, and monocytes and macrophages in particular have been
implicated (7, 10, 11), the exact nature of the inflammatory
response in OA, its underlying mechanisms and its relative
contribution to onset or progression of structural pathology
and symptoms remain incompletely resolved (12).

Much like OA etiology, our understanding of the complex
development and functional heterogeneity of macrophages and
monocytes as well as their interactions within local tissue “niches”
has dramatically changed in recent years. It is now firmly
established that the long-held paradigm of discrete, polarized
monocyte and macrophage activation states is an
oversimplification of what in reality is a spectrum of cell states.
Likewise, it is now recognized that macrophages established from
fetal progenitors can persist in adult tissues, and that many
macrophages self-maintain independently of monocytes (13-16).
Lastly, we are beginning to appreciate that macrophages engage in
bidirectional crosstalk with other cell types within their local
niches, interactions that are of mutual benefit and implicate
macrophages as gatekeepers of tissue function (17, 18). While
much remains to be learned and confirmed, these concepts
developed in other organs and tissues appear to also apply to
macrophages in joints (19, 20). Indeed, macrophages found in the
healthy synovium are predominantly monocyte-independent, and
they protect and contribute to joint homeostasis in several ways,
including barrier formation, clearance of debris and even
lubrication (20). Under inflammatory conditions, such as may
occur with joint injury however, monocytes are recruited to the
affected joint and can differentiate into macrophages, which retain
a more inflammatory phenotype (21). These joint macrophage
populations thus not only differ in their origins, but also exert
distinct functions (22, 23).

Modifying the developmental, functional and in situ
dynamics of joint macrophages and monocytes might therefore
represent an attractive avenue for novel therapeutic approaches
in OA. This may be particularly relevant in ptOA, where causal
initiation and subsequent temporal changes in monocytes,
macrophages and their activation with disease onset and
progression may be targeted. This review aims to explore this
notion, with a focus on the synovial rather than osseous joint
tissue niche. We will summarize experimental and clinical
studies on macrophages and monocytes in healthy and
diseased joints and interpret these in the context of current
paradigms of myeloid biology. Our emphasis in this review is on
joint injury and ptOA, as this represents the major OA
phenotype studied in pre-clinical research, and as noted above,
it has the most well demarcated disease stages and thus
potentially the broadest therapeutic opportunity. In doing so,
we hope to bridge persisting gaps between bench and bedside
and highlight research questions with the potential to pave the
way towards better treatment options for ptOA, but also other
OA phenotypes more broadly.

MACRO- AND MICROANATOMY
OF THE KNEE JOINT

Synovial joints provide critical motion segments that allow low
friction movement between rigid (osseous) skeletal components.
They enable diverse and essential bio-mechanical functions
ranging from fine movements of arms, hands and fingers
through to walking, running and jumping. The knee represents
an anatomically complex example of a joint (Figure 1) that
enables locomotion in a variety of terrains, while minimizing
muscular energy requirements and absorbing and redistributing
forces that originate from the contact between the walking
surface and the foot (24). Its main osseous components are the
femur, tibia and patella, that articulate in two locations: the
tibiofemoral and patellofemoral joints. The menisci, two C-
shaped fibro-cartilaginous structures, absorb and distribute
load between the femoral and tibial surfaces. Together with a
multitude of extra- and intra-articular ligaments and the fibrous
joint capsule, the menisci also provide stability in flexion/
extension and rotation, enabling the unique biomechanical
function of the knee (25). As in all joints, the osseous surfaces
in the knee are covered by hyaline cartilage, a sparsely cellular,
deformable connective tissue matrix with key components of
collagen type II and highly hydrated proteoglycans. Cartilage is
heterogenous and can be broadly divided into three zones based
on depth from the surface. These have distinct composition,
biomechanical properties and functions (26). Chondrocytes
make up about 2% of the articular cartilage volume (27) and
are responsible for the maintenance and repair of the cartilage
extracellular matrix. They are highly specialized cells derived
from mesenchymal stem cells that have limited potential for
replication in situ, but can react to a plethora of mechanical and
molecular stimuli (26). The knee also harbors several adipose
tissues. These are located intra-articularly and extra-synovially,
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FIGURE 1 | Overview of knee macro- and microanatomy. (Right) Sagittal cut through a human knee. The femur and tibia articulate in the tibiofemoral joint, with two
fibrocartilaginous menisci serving to provide rotational and anterior-posterior stability and load distribution. The patella is a hypomochlion {pivot point) for the
quadriceps tendon that articulates with the femur in the patellofemoral joint. The intra-articular components of the osseous structures are covered by cartilage,
enabling low-friction bearing. Joint function and stability are maintained by ligaments and the joint capsule. The inner surface of the joint capsule is lined with the
synovial membrane, which is accompanied by adipose tissues located intra-articularly and extra-synovially, including the infrapatellar fat pad. (Left, top) Microanatomy
of subchondral bone. The cellular components of bone include osteoblasts, osteoclasts and osteocytes that dynamically respond to changes in mechanical loading
and potentially communicate with the overlying cartilage via soluble signals. (Left, bottom) Microanatomy of the synovial membrane. The synovium comprises three
layers: the intimal lining layer which consists of macrophages and fibroblasts that together form a semi-permeable protective barrier; the vascularized subintimal or
sublining layer which contains interstitial macrophages and fibroblasts as well as adipocytes; and an outer fibrous stromal layer forming the joint capsule {(not shown).

Created with BioRender.com and smart.servier.com.

and include the infrapatellar fat pad, which can be considered a
highly specialized compartment in the sublining interstitial tissue
[in humans known as Hoffa’s fat pad (28)]. Beyond filling the
space in the joint cavity and absorbing shock, adipose tissues also
secrete cytokines and adipokines (29, 30) and are therefore
potent immune-modulators. It is also believed that the
infrapatellar fat pad engages in intimate crosstalk with the
synovial membrane, a specialized connective tissue that lines
the inner surface of the joint capsule (31). The synovial
membrane consists of three layers: The intimal lining layer is
found closest to the joint cavity and consists mainly of
macrophages (“type A cells”) and fibroblasts (“type B cells”)
that show low degrees of cell division (31). Beneath this is the
vascularized subintimal layer, also referred to as sublining
interstitial tissue, and finally a fibrous stromal layer forming

the joint capsule. The synovial membrane maintains joint
homeostasis by providing lubrication and nutrition to the
cartilage. It also forms a semi-permeable protective barrier that
controls the molecular traffic in and out of the joint (32) and
renders the synovial cavity relatively immune-privileged (20).
Because of its critical role in joint homeostasis, this review will
largely focus on monocyte and macrophage biology of the
synovial membrane, including its sublining interstitial layer.

A REVISED VIEW OF MONOCYTE AND
MACROPHAGE BIOLOGY

Many historically held views of monocyte and macrophage biology
have been overhauled in recent times, including their phenotypic
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and functional heterogeneity, developmental dynamics as well as
their crosstalk and functional interdependence with other cell
types in the same tissue microenvironment.

Monocyte and Macrophage Development
It was previously believed that the key (if not sole) function of
monocytes was to produce macrophages, and that in turn, all
macrophages found in peripheral tissues originate exclusively
from monocytes (33). Elegant studies exploiting genetic fate
mapping have since shown that most tissue-resident
macrophages are in fact of fetal origin and self-maintain in
adult tissues independently of bone marrow (BM)-derived
monocytes (33). Indeed, macrophages colonize tissues
concomitantly with their development in what appears to be a
demand-driven way. They are generated from successive, but
overlapping waves of hematopoietic progenitors produced at
distinct anatomical sites (34). The majority of fetal macrophages
originate from erythro-myeloid progenitors (EMP) produced in
the extra-embryonic yolk sac (15, 16). EMP are fetal-restricted
progenitors that differentiate into macrophages either directly or
vig fetal liver intermediates, but as an uncommitted entity do not
persist into adulthood.

This new paradigm of predominantly fetal origins of tissue
macrophages notwithstanding, monocytes can still complement
tissue phagocyte compartments on demand (33). While this
applies to some tissues at homeostasis (e.g. skin and gastro-
intestinal tract), it is particularly true and important in
inflammatory conditions. Importantly, in both scenarios,
monocytes themselves have a number of key effector
functions (35).

Monocytes differentiate from BM hematopoietic stem cells
(HSC) in a strictly hierarchical, tree-like maturation process (35).
They share a common progenitor with dendritic cells (DCs)
known as “monocyte-macrophage DC progenitor” (MDP) (36,
37), which gives rise to a monocyte-committed intermediate,
designated the “common monocyte progenitor” (cMoP) (38).
The downstream “transitional pre-monocytes” (TpMos) (38, 39)
are believed to be the final intermediate stage in monocyte
differentiation (39). They are capable of rapid proliferation and
express high levels of C-X-C motif chemokine Receptors (CXCR)
4, which anchors them to the BM. Based on differential expression
of Lymphocyte antigen 6C (Ly6C), CX3CRI and C-Chemokine
Receptor type 2 (CCR2) in mice (40) or Cluster of Differentiation
(CD)14 and CDI16 in humans (37), mature monocytes can be
broadly classified into classical (mice: Ly6C#® CX3CRI1™Y
CCR2M8%. humans: CD14MsR CD167) and non-classical
monocytes (mice: Ly6C®” CX3CRI1M" CCR2°Y; humans:
CD14°Y CD16%) (35, 41-44). This binary classification is now
widely established (45) and has more recently been backed up by
extensive high-dimensional studies, the latter also revealing a
previously underappreciated heterogeneity (46). A third
monocyte population with an intermediate phenotype is
exclusive to humans (CD14% CD16") (35). Classical and non-
classical monocytes differ in a number of features, including their
relative abundance and the regulatory mechanisms governing their
retention in and egress from the BM (47). The mature monocyte

compartment in the BM is vastly predominated by Ly6Chigh
monocytes, which downregulate CXCR4 (48, 49) and highly
express CCR2 (50, 51), collectively enabling their egress from the
BM. Ly6C°" monocytes, on the other hand, only express very low
levels of CCR2, and while still under investigation, Sphingosine-1-
Phosphate Receptor 5 (SIPR5) signaling has been implicated in
orchestrating their BM egress (52).

Once released into the blood stream, classical Ly6Chigh
monocytes have a relatively short half-life lasting for a mere 20-24
hours in mice (53-55), whereas their non-classical counterparts are
slightly longer-lived with a half-life of around 2 days in mice and 7
days in humans (53). The two populations are also developmentally
connected: lineage tracing indicating that Ly6C'®" monocytes
originate from aging Ly6C™®" monocytes (41, 53), a gradual
conversion that is dependent on Nudear Receptor subfamily 4
group A member 1 (NR4A1) signaling (56) and involves direct
cellular contact with endothelial cells and Notch signaling (57, 58).
Similar mechanisms appear to be at play in human monocytes (59,
60). At homeostasis, LyéCIDW monocytes do not normally
extravasate but instead patrol the luminal side of the endothelium
(61). They roll along the vascular endothelium, independent of the
direction of the blood flow, via CX3CR1, B2 integrin (58, 62) and
interactions between Lymphocyte Function-associated Antigen-1
(LFA-1) and IntraCellular Adhesion Molecule 1 (ICAMI1) and
ICAM2 (58, 62). They have thus been considered the “tissue-
resident” macrophages of blood vessels. In non-homeostatic
conditions, Ly6C1°W monocytes are thought to promote resolution
of inflammation, however, they can also contribute to
autoimmunity and chronic inflammatory diseases (58), as we will
discuss further below. Intriguingly, experiments using bleomycin-
induced lung fibrosis in mice identified an alternative pathway to
Ly6C™ monocytes, consisting of a separate progenitor referred to
as a “Segregated-nucleus-containing atypical Monocyte (SatM)”,
whose production depends on the transcription factor C/EBPf (63).
Whether this pathway is relevant to other pathologies remains to
be determined.

Unlike their non-classical counterparts, Ly6Chlgh monocytes do
traffic into peripheral tissues even at steady state (64). In tissues
that (partially) rely on homeostatic renewal from the BM, such as
the skin and gastro-intestinal tract (65, 66), the majority of
recruited LyéChigh monocytes gradually differentiate into
macrophages, a process phenotypically characterized as a
“monocyte waterfall” (67). These macrophages are functionally
imprinted in response to local cues that superpose tissue-specific
identity onto a transcriptional core lineage program (68, 69).
Provided monocytes encounter a homeostatic environment and
are allowed sufficient time in the tissue, monocyte-derived
macrophages are phenotypically, transcriptomically and
epigenetically indistinguishable from pre-existing tissue-resident
macrophages (70, 71). However, this is not the case following
inflammation or other insults resulting in perturbed homeostasis,
which might have important functional implications. Indeed,
different and sometimes even opposing roles have been reported
for developmentally distinct macrophages in conditions like cancer
(72-74) and stroke (75), and this might also be the case in joint
pathology, as we will discuss below.
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Monocyte Effector Functions
In addition to representing an “on-demand” source for
macrophages, monocytes also have important effector
functions in their own right. Indeed, a fraction of classical
monocytes recruited at steady state maintains their monocytic
phenotype with minimal transcriptional changes (76). In the
parenchyma of non-lymphoid organs like the skin, lung, and
heart (43, 66), they contribute to immune surveillance. During
sterile inflammatory responses, as would occur following closed
traumatic knee injury, Ly6Chigh and Ly6C1°W monocytes are
recruited in a highly orchestrated manner facilitated by
differential chemokine release. Under such conditions, LyéCk’W
monocytes have primarily been attributed beneficial, anti-
inflammatory roles. In the ischemic heart and kidney for
example, deficiency in Ly6C®" monocytes results in higher
inflammatory levels and impaired restoration of organ function
(77-79). In line with this, Ly6C'®" monocytes predominantly
produce anti-inflammatory mediators like Interleukin (IL)-10
(80, 81) as well as Vascular Endothelial Growth Factor (VEGF)
and other pro-angiogenic factors (82), as observed during spinal
cord injury and myocardial infarction (82), respectively.
Somewhat contradictory evidence exists regarding the role of
Ly6C™# monocytes. Historically, these classical monocytes have
been recognized as potent pro-inflammatory effector cells.
Indeed, CCR2 knockout mice, which are largely deficient in
classical monocytes in the periphery, show decreased levels of IL-
1 and Tumor Necrosis Factor (TNF)-¢t and an increase in the
anti-inflammatory cytokines IL-4, IL-5 and IL-13 at the site of
inflammation during cerebral ischemia (83). Ly6Chigh monocytes
also show high levels of reactive oxygen species, TNF-o; and IL-6
(84) in the context of liver ischemia reperfusion injury (84). In
line with this pro-inflammatory phenotype, LyéChigh monocytes
mediate tissue damage in the ischemic liver as well as the heart
following myocardial infarction, and contribute to progression of
atherosclerosis (84-87). At the same time however, L)(GCh igh
monocytes have also been implicated in regression of
atherosclerosis (88), although this may be attributable to anti-
inflammatory effects of monocyte-derived macrophages, rather
than a true monocyte effector function. Nonetheless, these
findings collectively suggest that instead of being globally pro-
and anti-inflammatory, classical and non-classical monocytes
differentially shape the local inflammatory response via the
tailored production of cytokines and other cellular mediators.
Although similarities exist between tissues and insults, their exact
trafficking patterns and effector functions appear to be context-
dependent, and therefore need to be delineated specifically in the
homeostatic, injured and OA joint.

Tissue Adaptation and Activation of
Monocytes and Macrophages

Monocytes and macrophages dynamically respond to a variety of
cues in their microenvironment, which shape their local tissue
adaptation and activation state. Consequently, although they share
a lineage-defining core transcriptomic signature, macrophages in
different tissues are transcriptionally, phenotypically and
functionally very diverse (70, 71, 89). The core macrophage

program is initiated in committed fetal progenitors or BM-
derived monocytes and driven by lineage-determining
transcription factors (68-71).

Acquisition of tissue-specific identity and function is
subsequently orchestrated by additional transcription factors in
response to signals present in the local microenvironment (69).
In the spleen, for example, heme from senescent red blood cells
induces expression of the transcription factor SPI-C, which in
turn activates a transcriptional program inducing differentiation
of red pulp macrophages (90). Experimental data from adoptive
transfer experiments demonstrate that exposure to different
environments partially, though not fully, rewires the tissue-
specific identity of macrophages, indicating a limited degree of
plasticity even under such non-physiological conditions (70, 91).

At the same time, the activation state of terminally differentiated
macrophages can vary as a function of microenvironmental signals,
in particular cytokines. Historically, it has been thought that
macrophages polarize into either classically activated, pro-
inflammatory (“M1”) or alternatively activated, anti-
inflammatory (“M2”) (92, 93) subtypes in response to cytokines
associated respectively with type I or type II immunity (94, 95).
However, it is now abundantly clear that this strict dichotomy is a
drastic oversimplification of real-life in vive physiology. Rather,
these opposing polarization states represent extremes (94, 95) of a
much wider and more fluid spectrum of activation states (96, 97).
Understanding the different activation states of macrophages and
monocytes in OA and the signals that drive them will be
paramount in delineating their respective contribution to disease
pathogenesis. Since circulating monocytes represent a modifiable
source, they — and their relationship with macrophages found in
the joints - are of particular translational relevance.

Macrophage Niches

The intricate developmental dynamics between monocytes and
macrophages and their adaptation to tissue-derived signals
illustrate that these cell types actively engage with each other
and their immediate environment or “niche”. Research into such
niches represents a current focus in the field of myeloid cell
biology. The niche concept postulates that macrophages are not
only functionally imprinted by tissue-specific cues, but that their
niches also provide them with a physical scaffold for anchoring
and survival factors (17, 18). In turn, macrophages support
appropriate functioning of their cellular partners. They thus
form mutually beneficial cellular circuits (18) with their niches.
In line with this, organ function is heavily impaired in mice
lacking numerous tissue-resident macrophages owing to genetic
deficiency in Colony Stimulating Factor (CSF)1, a key macrophage
survival signal, or its receptor (98-100). Niches consist of
macrophages and other, often non-hematopoietic stromal cell
types, as well as the extracellular matrix surrounding them, and
they can also “call” monocytes for replenishment. In the liver, for
example, hepatocytes, endothelial and stellate cells together
provide numerous signals to resident Kupffer cells and incoming
monocytes, including CSF1, IL-34, CCL2 and Notch ligands (101),
whereas in the red pulp of the spleen, macrophages depend on
CSF1 produced by fibroblasts (102). In return, macrophages help
facilitate tissue-specific functions and homeostasis. Beyond their
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role in immune surveillance and protective immunity,
macrophages have been implicated in diverse physiological
processes ranging from haemoglobin recycling, intestinal
motility, surfactant degradation in the lung, to cardiac
conduction (64, 102-109). The circuits underlying some of these
less-traditional macrophage effects are starting to be deciphered.
For example, macrophages located in the interstitial space of the
testis produce cholesterol, which stimulates steroidogenesis in
Leydig cells (110-112).

Whilst their cellular partners, signaling circuitry and
functions remain incompletely understood, it is highly
conceivable that distinct macrophage niches also exist in the
joint. In the following, we will thus discuss how the current
concepts of monocyte and macrophage biology in other tissues
and organs reviewed above, apply to synovial joints, with
particular emphasis on molecular and cellular mechanisms
bearing potential for translational exploitation in OA. By
interpreting the dynamics between these pleiotropic cell types
and their functions within their potential joint-associated niches,
we aim to provide an integrative view of their contribution to
joint health and disease.

MONOCYTES AND MACROPHAGES IN
JOINT HOMEOSTASIS

Bone and Adipose Tissue

The bone-resident macrophages are known as osteoclasts,
peculiar large and multinucleated cells whose primary function
is bone resorption. They are essential for skeleton remodeling
and maintenance of the hematopoietic environment in the BM.
Consequently, defects in osteoclasts cause osteopetrosis and
hematopoietic failure, while their overactivation leads to
osteoporosis. Osteoclasts allow for homeostatic bone turnover
in joint-associated subchondral bone in response to loading.
Osteoclasts first colonize the ossification centers of developing
bones in the fetus from EMP, where they form long-lived
syncytia that are maintained throughout life by low-grade
fusion with incoming monocytes (113, 114). Adding to this
complexity, elegant recent intra-vital imaging has shown that
osteoclasts do not necessarily undergo apoptosis following
activation and bone resorption, but instead, can fission into
daughter cells termed “osteomorphs” (115). These can be
recycled by fusion with osteoclasts but remain transcriptionally
distinct from both osteoclasts and other macrophages.

As in many other tissues, adipose tissue-resident macrophages
are developmentally and functionally heterogeneous. In the
healthy adipose tissue of lean mice and likely humans (116,
117), monocyte-derived macrophages co-exist with long lived,
fetal yolk sac EMP-derived macrophages and regulate appropriate
development of adipose tissues and lipid storage during
homeostasis (116, 118). Of note, it is currently unclear whether
the macrophage compartments within joint-specific adipose
tissues, such as the infra-patellar fat pad, are developmentally
and functionally equivalent to those in more commonly studied
adipose depots, such as the subcutaneous or inguinal fat.

The infrapatellar fat is highly vascularized and innervated, and
thus more reminiscent of visceral than subcutaneous fat
(Reviewed in Urban and Little 2018) (30). It is also interesting
to note that although generally considered a type of white adipose
tissue, the infrapatellar fat may not always behave like other
adipose tissues, for example in conditions of obesity. Although
the infrapatellar fat pad increases in volume, vascularization and
adipocyte size in response to obesity like other adipose tissues, it
may be more protected from obesity-induced inflammation (119-
121). This suggests that infrapatellar fat may show features of both
white and brown adipose tissue in response to obesity, and distinct
responses to other white adipose deposits have also been observed
in OA (122). In end-stage knee OA patients the infrapatellar fat
pad had significantly less macrophages, toll-like receptor 4
expression and fibrosis compared with other peri-synovial
adipose tissue. In these same patients both adipose tissues had
increases in adipocyte size and haematopoietic and M2
macrophage cell infiltration correlated with body mass index.
This complex interplay between systemic and local joint factors
related to post-traumatic OA, and how these affect and are affected
by infrapatellar fat pad macrophage polarization, has been
demonstrated in mouse models (123). The infrapatellar fat has
been implicated as a major player in sustaining and perpetuating
inflammation in OA (29). While macrophage deregulation has
been associated with pathological changes in other adipose depots,
those in the infrapatellar fat can contribute directly or indirectly to
OA pathogenesis and future research is needed to better
characterize which macrophage features it shares with other
adipose tissues and which are unique.

Synovial Membrane and Interstitial
Connective Tissue

At homeostasis, macrophages are virtually the only immune cells
in the synovial membrane (124, 125), and whilst the underlying
interstitial connective tissue does harbor other lineages like mast
cells and lymphocytes, macrophages predominate by far (126).
Importantly, both the steady state synovial membrane and
interstitium are largely devoid of monocytes. Healthy synovial
tissue contains three populations of macrophages that are
dynamically interconnected: lining macrophages gradually turn
over from proliferating MHCIT" macrophages found in the sub-
lining connective tissue, which also generate a second population
of interstitial macrophages characterized by expression of
Hypoxia-Induced Mitogenic Factor (Resistin-like alpha;
RELMa) (22). The exact sources from which synovial
macrophages are originally established during development
remain to be determined with appropriate additional fate
mapping systems. However, chimeras and parabiosis have now
firmly established that all three populations receive minimal if
any monocyte input in the adult steady state (22).

Despite their developmental interdependence, the distinct
populations of synovial macrophages are phenotypically and
functionally highly specialized. In addition to being a source of
other synovial macrophages, MHCII" sub-lining macrophages
are particularly well-equipped for antigen presentation, while the
RELMa" population shows a regulatory phenotype and
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abundantly expresses scavenger receptors like CD206 and
CDl163 (22). Lining macrophages protect joint functionality
and the immune privilege of the joint space through a
multitude of mechanisms: they act as sentinels for molecular
and cellular changes in the joint cavity (124) and facilitate
clearance of cartilage and bone debris, highly immunogenic
and hence dangerous signals that are constantly shed into the
synovial fluid due to mechanical shear stress. In both mice and
humans, lining macrophages express high levels of scavenger
receptors, in particular Triggering Receptor Expressed on
Myeloid Cells 2 (TREM2) and CD163 and are highly
phagocytic and anti-inflammatory (22, 124, 127-129). Lining
macrophages also actively participate in production of
extracellular matrix (ECM) components and synovial fluid
(22). Finally, sophisticated genetic and imaging approaches
recently revealed that reminiscent of epithelial cells, lining
macrophages form tight junctions with one another and
thereby constitute a structural and immunological barrier (22).
This barrier limits immune cell trafficking across the synovial
membrane and thereby protects the avascular cavity from
systemic threats. Conversely, it shelters the synovial connective
tissue from immunogenic stimuli present in the joint space.
Collectively, these features make synovial macrophages key
regulators of joint homeostasis.

Potential Macrophage Niches and Signals
in Healthy Joints

The exact cellular interactions and molecular signals comprising
macrophage niches in healthy joint tissues remain to be
deciphered with state-of-the-art approaches, however,
fibroblasts are likely key players. This is the case for the spleen
and peritoneal cavity (102, 130) and may also be particularly true
for the synovial lining, where in the absence of a basement
membrane they are in intimate contact with lining macrophages.
Synovial fibroblasts and macrophages have been characterized
individually in great detail over the last several years (22, 131,
132), and their potential interplay has been discussed in excellent
recent reviews (133-135). Fibroblasts are ideally suited to
provide anchorage to macrophages, and they are also a
recognized source of key macrophage survival factors, such as
CSF1 (Figure 2). Synovial lining macrophages are lacking in
CSFl1-deficient osteopetrotic (“op/op”) mice (99) demonstrating
their CSF1-dependence, at least during development.
Intriguingly, systemic administration of CSFI does not restore
synovial macrophages, whereas transgenic overexpression of the
full-length transmembrane protein does, suggesting they depend
on the membrane-bound isoform of the growth factor and thus,
local sources (99, 136). Whilst synovial lining macrophages
express the receptor for CSFI receptor (CSFIR) at steady state
(22), it is currently unclear whether they also rely on CSFI1 for
their homeostatic maintenance and turnover.

Fibroblasts could also act to bring macrophages in proximity of
tissue-specific cues that imprint their functional identity, although
this process may be orchestrated by additional stromal cell types in
the joint, such as adipocytes, endothelial cells and chondrocytes.

Such complexity is seen in the liver, where incoming monocytes

are functionally imprinted by a triad of hepatocytes, endothelial
cells and stellate cells (101). Joint tissues are constantly exposed to
shear stress and tensile forces that dynamically change with
variations in joint loading. Mechanical stimuli are amongst the
candidate cues that could play a particularly important role in
instructing the specific identity of macrophages in joint tissues.
Macrophages are in principle capable of sensing mechanical
forces. Human BM-derived macrophages for example respond
to substrates with different stiffness with changes in their shape,
migration and proliferation (137). Mechanotransduction can also
directly modulate their inflammatory cytokine production (138,
139). This latter effect is dependent on the NLRP3 (NOD-, LRR-
and pyrin domain containing 3) inflammasome and can also
involve signaling through TRPV1 and 4 (Transient receptor
potential vanilloid-type 1 and 4) cation channels, which have
been implicated in ptOA pathophysiology in mice (140-142).
Transduction of mechanical signals through TRPV4 has also been
implicated in the formation of multinucleated giant cells,
inflammatory and destructive multinucleated macrophages
(143). In addition to mechanical stress, normal ECM turnover
products represent candidate signals that could imprint joint
macrophage identities. Indeed, synovial lining macrophages
appear to be highly phagocytic and constantly scavenge cartilage
debris from the joint cavity (144-146). Joint biomechanics are
altered during OA pathogenesis, and joint-tissue ECM
degradation products more prevalent than at homeostasis, thus
these pathways likely also impact macrophage identities and
functions in arthritic joints.

MONOCYTE AND MACROPHAGE
FUNCTIONS IN THE INJURED AND
OSTEO-ARTHRITIC JOINT

Macrophage Functions in ptOA
Pathogenesis
In addition to self-maintained lining and interstitial sub-lining
macrophages already present at steady state, the arthritic synovium
contains inflammatory monocyte-derived macrophages (147, 148).
Similar changes also occur in other tissues within the joint (e.g
subchondral bone), regional (e.g. lymph node) and in remote
tissues (e.g. spleen, peripheral blood). The necessity to delineate the
specific roles of these distinct macrophage populations is
highlighted by discrepant findings on the consequences of
macrophage depletion depending on the experimental approach.
Although the precise contribution of the various populations
remains to be shown, systemic depletion of macrophages in
mice in which apoptosis is induced in cells expressing CSFIR
exacerbates experimental ptOA, whereas local clodronate
liposome-mediate depletion within the joint is beneficial (149).
In RA, the respective functions of the distinct macrophage
subsets have now been well explored, and macrophages
originating from recruited monocytes appear to have overall
disease-promoting functions (150, 151). Similarly, the majority
of studies on OA-affected joints have identified inflammatory,
monocyte-derived macrophages as the main culprit in
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FIGURE 2 | Putative macrophage niches in the healthy joint. (Top) Synovial lining: macrophages are connected via tight junctions and are in close contact with
fibroblasts. Fibroblasts may provide CSF1 and anchorage to macrophages, which may be imprinted by exposure to ECM degradation products. Movement-induced
cyclic stretch may inhibit NLRP3 inflammasome activation. (Bottom, left) Osteoblasts lining the bone surface synthesize bone matrix in response to soluble mediators
released by osteocytes that sense changes in mechanical loading and bone deformation. Osteoclasts resorb bone and thereby regulate balanced homeostatic bone
turnover (“modelling”) in response to anchorage and soluble signals from osteocytes and osteoblasts. (Bottom, right) In the synovial sub-lining, self-maintained
interstitial macrophages may regulate adipose tissue metabolism and act as a reservoir to replenish synovial lining macrophages. Created with BioRender.com and

promoting and sustaining inflammation (124, 152). These cells
produce pro-inflammatory cytokines and release additional
signaling molecules associated with tissue-injury, which can
attract lymphocytes that further propagate inflammation.
However, exploiting these findings therapeutically is currently
hindered by a lack of detailed understanding of the exact
interplay between monocyte-derived macrophages and
different types of lymphocytes, and how these change in the
distinct stages of ptOA pathogenesis. Monocyte-derived
macrophages also participate in cartilage destruction via
production of IL-1f and TNF-c, which suppress synthesis of
the ECM components aggrecan and collagen by chondrocytes
and upregulate expression of catabolic enzymes like ADAMTS-4
and MMP-13 (153-155). Soluble matrix degradation products in
turn can activate resident synovial macrophages via Toll-Like
Receptors (TLRs) and other pattern-recognition receptors (156).
As this example illustrates, different macrophage populations in
the joint can be functionally interlinked.

Another effector by which macrophages might contribute to
ptOA pathogenesis is B cell Activating Factor (BAFF), a member
of the TNF superfamily. BAFF is a crucial B cell survival factor,
but also exerts co-stimulatory effects on T cell activation via
upregulation of B-cell lymphoma 2 (BCL-2) (157). Furthermore,
BAFF promotes T-helper-cell (Th)l and suppresses Th2
responses (158), and drives Th17 differentiation via Il-6
signaling (87, 158-161). BAFF levels are elevated in serum and
synovial fluid from RA patients (162), and BAFF appears to have
a pathogenic role in RA (163, 164). During established RA, BAFF
promotes pro-inflammatory polarization of CD4" T cells, DC
maturation as well as proliferation of inflammatory fibroblasts
(163). In the inflamed joint, macrophages (165) are the main
source of BAFF, although it is unclear if these are monocyte-
derived or resident macrophages, or both. This compelling
evidence led to the development of BAFF antagonists as
DMDs for RA, which are currently being tested in early phase
clinical trials (163). Whether BAFF production is also a
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mechanism by which macrophages contribute to pathogenesis of
OA has not been determined but elevated BAFF levels have been
detected in OA synovial fluid (166).

Unlike their monocyte-derived counterparts, and some
controversy notwithstanding, self-maintained resident synovial
macrophages have largely been attributed protective roles in
arthritis. The barrier generated by synovial lining macrophages is
disrupted in both RA patients and experimental RA (22). In
mice, this occurs rapidly upon induction of serum transfer-
mediated arthritis, and thus constitutes an early event in
disease development. In this model, barrier breakdown occurs
following phagocytosis of immune complexes containing auto-
antibodies, which activate lining macrophages and induce
structural joint pathologic changes. Consequently, depletion of
lining macrophages or specific disruption of their tight junctions
worsens experimental RA. In turn, drug-mediated stabilization
of tight junctions protects mice from RA (22), a finding that is
translationally promising. Whilst the role of synovial lining
macrophages has not yet been addressed specifically in OA
pathogenesis, it is worthwhile noting that targeting lining
macrophages or tight junctions not only exacerbates RA but
may also result in spontaneous inflammation in the joint cavity
in otherwise healthy animals (20, 22). With respect to ptOA, one
could thus envision a scenario in which following injury,
mechanical disruption of the synovial lining macrophage
barrier enables rapid influx of inflammatory cells and hence,
transition to the inflammatory phase of OA pathogenesis. Unlike
in RA however, this barrier breach might be transient in nature,
since the barrier appears more intact in patients with established
OA compared to RA (22). This might be due to differences
between immune complex-mediated and mechanical barrier-
breakdown and could contribute to the, often considerable, lag
phase between joint injury and ptOA onset.

Monocyte Functions in Joint Pathogenesis

Monocytes are critical players in OA pathogenesis, both as effector
cells and a source of additional macrophages. As described earlier, it
is widely accepted that LysCM® and Ly6C®" monocytes can
differentiate into macrophages with distinct polarization profiles
in response to the cytokine milieu encountered in the tissue
microenvironment. Reflecting this complexity, the overall impact
of classical and non-classical monocytes on joint disease
pathogenesis remains unclear. On the one hand, adoptive transfer
of Ly6CIOW monocytes following pan monocyte depletion increases
the development of serum-transfer induced arthritis (58, 167, 168).
In this model, LyéCIDW monocytes are actively recruited to the joint,
where they are critical for the initiation of sterile joint inflammation
and differentiate into inflummatory macrophages (169). On the
other hand, Ly6C®" monocytes were also found to limit excessive
inflammation in arthritic mice via enhanced recruitment of
regulatory T-cells (Tregs) (58, 170). This seemingly contradictory
evidence regarding the role of Ly6C1°W monocytes in RA
underscores the need for further studies that improve the
understanding of the complex role of monocytes in inflammatory
arthritis, and similar considerations apply to OA. The diverse roles
of monocytes and macrophages in ptOA pathogenesis will be

discussed in more detail in the following section, focusing on
molecular and cellular factors shaping their respective functions.

SIGNALS AND CELLULAR INTERACTIONS
SHAPING MONOCYTES AND
MACROPHAGES IN PTOA

Depending on severity, joint injury can induce marked
mechanical, anatomical and immunological changes, initially
resulting in recruitment of monocytes and other inflammatory
cells. Pathological changes persist throughout ptOA
development and in established disease, and impact both
incoming monocytes and previously resident macrophages.
This section discusses how the perturbed joint tissue
environment might affect monocytes and macrophages
(Figure 3). An overview of murine and human monocytes and
macrophages found in the synovial tissue during homeostasis,
rheumatoid arthritis and in as far as known osteoarthritis, can be
found in Table 1.

Perturbations Following Joint Injury

Joint injury triggers a series of complex mechano-biological and
immunological changes, which can be broadly separated into three
successive phases. Immediately after injury, mechanical
perturbation effects predominate. These are direct results of the
injury (9, 171) and may include tissue disruption (e.g., subchondral
bone (micro)fractures, ligament tearing), collagenous matrix
disruption and cartilage swelling, blood-vessel injury and
hemarthrosis i.e. the presence of blood in the synovial cavity. This
immediate joint-tissue injury is followed by an acute inflammatory
phase (172), which is characterized by abundant cell death and pro-
inflammatory signaling involving both innate and adaptive lineages
(173). The nature and duration of this inflammatory response have
been identified as major determinants for the risk of developing
ptOA post injury (9, 172, 173). While appropriate control and
resolution of inflammation is essential for normal wound-healing
and might prevent ptOA development, perpetuated inflammation
leads to the chronic and final phase of OA pathogenesis, which is
defined by fluctuating low-level synovitis (174) and continuous
tissue remodeling processes that ultimately lead to destruction of
the cartilage and joint failure (175). Delayed or failed resolution
ofinflammation can be due to a permanently disrupted equilibrium
of pro- and anti-inflammatory factors (171) or inadequate post-
injury inflammation control (172). In addition, biomechanical
factors such as instability or recurring joint injuries (176) can
result in continuous re-triggering of acute mechano-biological
responses, which initiate an inflammatory vicious circle. These
considerations identify the acute inflammatory phase as a potential
target for ptOA DMDs and highlight the need for a better
understanding of its cellular and molecular regulators.

Mechanisms Underlying Monocyte

Recruitment During OA Pathogenesis
The exact nature of the inflammatory response subsequent to
joint injury is still under investigation, and differences might
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FIGURE 3 | Putative changes in joint tissues after injury and during post-traumatic OA development. (Top, left) Acutely following injury, synovial lining macrophages
are spatially re-orientated and the barrier is disrupted. DAMPs, PAMPs and catabolic enzymes are released into the synovial cavity by chondrocytes and damaged
tissues (ligament, meniscus). Extra-vascular erythrocytes and associated free heme from blood vessel injury may pathologically imprint synovial macrophages. Barrier
disruption may impede cyclic stretching of lining macrophages, resulting in NLRP3 inflammasome activation and increased IL-1B production, known to promote of
OA. Altered mechanics may also promote joint inflammation through TRPV1/4 cation channels. (Top right} At later stages of ptOA pathogenesis, the synovial lining
layer may be restored. Levels of IL-1B remain elevated, though involvement of the NLRP3 inflammasome is unclear. TRPV1 activation may continue to promote OA
pathogenesis, although likely via signals other than or in addition to mechanical stimuli. Cellular debris, DAMPs and PAMPs remain abundant in the synovial cavity
and thus potentially imprint pathological macrophage phenotypes. (Bottom, left) Increased numbers and activation of osteoclasts contribute to accelerated bone
turnover and remodeling in the arthritic joint. Osteoclastogenesis may be promoted by CCL2 produced by activated osteoblasts and inflammatory cells, potentially
resulting in recruitment and fusion of Ly6C"" and Ly6C'®" monocytes, a process that may be further stimulated by RANKL produced by lining fibroblasts. (Bottom,

right) In the sublining layer, exposure to ECM degradation products may stimulate interstitial macrophages to produce CCL2 and CCL5, leading to recruitment of
Ly6C"e" and Ly6C'*™ monocytes. Ly6C™" monocytes produce IL-18, TNF-a and IL-6, potentially in response to the adipokine visfatin, a TLR4 receptor agonist,

which also induces changes in the subchondral bone. Ly6C" monocytes may supply the interstitial macrophage pool, but these macrophages may retain higher
baseline NF-xB and IL-1B activity than those in healthy joints. Created with BioRender.com and smart.servier.com.

exist depending on the type of injury and/or tissues injured, as we
will discuss below. Overall, however, a growing body of evidence
implicates chemokines and their receptors in monocyte
recruitment during OA pathogenesis. As reported for other
pathologies (177), classical and non-classical monocytes
differentially depend on CCL2/CCR2 or CCL5/CCR5 and
CX3CL1/CX3CRI1. CCL2 (also known as MCP-1) is a key
regulator of Ly6C"" monocyte egress from the BM and their
recruitment to peripheral tissues (178). Following joint injury,
release of ECM degradation products and complement factors

temporally induces CCL2 production by chondrocytes, resident
synovial macrophages (179) and endothelial cells (180). This
occurs via a positive feedback loop, stimulated by increased IL-
1B and TNF-o. expression in synovial macrophages (181) and
fibroblasts (182). In keeping with this, clinical studies have
reported elevated levels of CCL2 in synovial fluid immediately
after traumatic joint injury (183) and subsequent to meniscal
tears (184), and concentrations correlate with severity of OA
(185, 186). Its expression is also significantly elevated in the
serum of OA patients (187), and CCL2 might also affect other
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TABLE 1 | Markers, origin and putative function of monocytes and synovial macrophage subsets in mouse and human.

Population, location

Phenotype

Origin, maintenance

Functions at
homeostasis

Functions in osteoarthritis

Macrophages, synovial
lining

Macrophages, synovial
sublining/ interstitital

Macrophages, synovial
tissue of the “bare
area”

Monocytes, synovial
tissue

Mouse: TREM2* CX3CR1"an
MHCI?

“mTOR activated M1
macrophages” INOS*’

Human: TREM2* CD68* MerTK*
LYVE1* FOLR2*2

CDA14*HLADR' FOLR2*CD86*
K67 ULK1*

CDA4*HLADR* FOLR2*CD86*
KIBT™" HTRAT+ (location
uncertain)

Mouse: RELMa* CD206"
CD163*

CX3CR1~ MHCII* CSF1R*

Human TREM2™ MerTK™ CD206~
CLEC10a*™?

Mouse: CX3CR1* MHCII*
LyBC™F4/80%

Human: CXsCR1* HLA-DR"e"
CD11c* CDBU CD86*

Mouse: LyBC* CD64"™

LyBC™

Human: CD14* CD11c* CD38*
IL1B* IFN-activated SPP1+"
CD14* CD11c™ NUPRTY

Long-lived, BM-independent, not

proliferating®,® replenished from sublining

interstitial
Unknown

Proliferation®®

Proliferation®

Uncertain

BM-independent?

Proliferation, BM-independent (RA)? / BM

{arthritis®
Unknown

BM®
Unknown

BM®
BM®

Protective barrier?

Unknown {ow number}
Protective barrier?
Control local immune
responses®

Unknown

Unknown

Joint homeostasis
Generate lining and
sublining macrophages®
Unknown

Absent

Unknown

Tissue patrolling
Absent

Unknown

Joint homeostasis”

Protective barrier,? limiting disease
development (RA}, immune
regulation®

Chondrocyte differentiation’

Protective bartier? Resolution of
inflammation, induce reparative
fibroblast

Cartilage remodeling®

Generate lining and sublining
macrophages?, Inflammation
Fibroblast inflammatory response®

Osteoclastogenesis®
Osteoclastogenesis®

Generate LyBC™ monocytes
Initiation of sterile joint inflammation®
Generate MHCII* macrophages®

Pro-inflammatory”

Inversely correlated with tissue
inflammation, bone remodelling7

TREM2, triggering receptor expressed on myeloid celfs 2; CXCR1, C-X3-C Motif Chemokine Receptor 1; MHCH, rmajor histocompatibility complex class i; mTOR, mamemalian target of
raparmycin; iINOS, inducible nitric oxide synthase; BM, bone marrow; RA, rheumatoid arthritis; MerTK, MER Proto-Oncogene, Tyrosine Kinase; LYVET, Lymphatic Vessel Endothelial
Hyaluronan Receptor 1; FOLR2, Folate Receptor Beta; CD, cluster of differentiation; HLADR, Human Leukocyte Antigen — DR isotype; ULKT, Une-57 Like Autophagy Activating Kinase 1;
HTRAT, HirA Serine Peptidase 1; RELMa, Resistin-like molecule a; CSF1R, colony-stimulating factor 1 receptor; CLEC10a, C-type lectin domain family 10; LyB, lymphocyte antigen 6; IL,
interfeukin, IFN, interferon; SPP1, Secreted phosphoprotein 1; NUPRT, Nuclear Protein 1.

’Zhang, H. et al. Synovial macrophage M1 polarisation exacerbates experirmental osteoarthritis partially through R-spondin-2. Ann. Rheum. Dis. 77, 1524-1534 (2018}

2Culernann, S. et al. Locally renewing resident synovial macrophages provide a protective barrfer for the joint. Nature 572, 670-675 (2019}

SMisharin, A. V. et al. Nonclassical LyBC- monocytes drive the development of inflammatory arthritis in mice. Cell Rep. 9, 591-604 (2014).

“Alivernini, S. et al. Distinet synovial tissue macrophage subsets regulate inflammation and remission in rheumatoid arthritis. Nat. Med. 26, 1295-1306 (2020}.

Wood, M. J. et al. Macrophage proliferation distinguishes 2 subgroups of knee osteoarthritis patients. JCI Insight 4, (2019},

61’-(asegawa, T. et al. Identification of a novel arthritis-associated osteoclast precursor macrophage regulated by FoxM1. Nat. Immunol. 20, 1631-1643 (2019},

7Zhang, F. et al. Defining inflammatory cell states in rheurmatoid arthritis joint synovial tissues by integrating single-celf transcriptorics and mass cytometry. Nat. Immunol. 20, 928-942

(2019,

cells relevant to OA pathogenesis. In chondrocytes, for example,
CCL2 increases expression of the catabolic enzymes MMP3 and
MMP13 (179) and inhibits proliferation and enhances apoptosis.
CCL2 might thus promote OA pathogenesis via attracting
monocytes to the joint, but also by directly promoting cartilage
destruction (179).

Unlike CCL2, which is found mainly in the intimal lining of the
synovium, CCL5 [also known as RANTES (Regulated on
Activation, Normal T Cell Expressed and Secreted)] is
distributed more diffusely throughout the synovial tissue (188).
Conflicting evidence exists regarding the role of CCL5 and its
receptor CCR5, which possess strong chemo-attractive properties
for Ly6CI°W monocytes. In line with a disease-promoting role of
Ly6C'®* monocytes, CCR5”" mice were initially reported to exhibit
reduced cartilage destruction (189), however, a recent study by
Raghu and colleagues found that neither deficiency in CCL5, nor

CCR5 protects mice from ptOA (21). This was further
corroborated by a clinical study of synovial biopsy specimens,
which found significantly higher levels of CCL5 in RA compared
to OA patients, whilst expression of all other chemokines and
receptors is comparable (188). This may suggest that the
inflammatory responses underlying these different arthritides
have some unique molecular signatures or phenotypes.
Considering its role in attracting Ly6C'™ monocytes, which are
known to promote pathogenesis of inflammatory arthritis, it
seems surprising that depletion of CCR5 has no protective
function in ptOA (21). However, CX3CL1/CX3CRI signaling
also participates in recruitment of non-classical monocytes, and
elevated levels of CX3CLI1 have been found in peripheral blood
(190) and synovial fluid (186) of OA patients. Functional
experiments revealed that in addition to its chemo-attractive
properties, CX3CLI also stimulates inflammation specifically at
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the early stages of OA (190). Finally, soluble CX3CL1 induces
production of the pro-inflammatory cytokines IL-13, IL-6 and
TNF-0, in recently recruited monocytes (191). Taken together
these data indicate that the CX3CLI/CX3CRI axis predominates
in recruitment and pro-inflammatory activation of L)76C1°W
monocytes in the context of OA initiation. Ly6C™¥" monocytes
recruited and activated via CCL2/CCR2, on the other hand, might
help sustain inflammation at later stages (192). Temporal changes
in chemokine expression and associated monocyte sub-population
recruitment and accumulation, may in part explain the recently
described loss with time post-injury, of an initially protective/
anabolic effect of injured synovium on chondrocytes (193).

Osteoclasts have been implicated in progressive joint
destruction. Osteoclastogenesis is controlled by RANK (Receptor
Activator of Nuclear factor Kappa B (NF-kB) (194). Its ligand
(RANKL) is expressed by fibroblast-like synoviocytes and Th17
cells, and expression is regulated by pro-inflammatory cytokines
secreted by monocytes and macrophages (IL-1p, IL-6, IL-17 and
TNF-o) (195). A particularly interesting mechanism by which
monocytes could contribute to increased osteoclastogenesis in the
context of arthritis was proposed by Hirose et al. They postulated
that CCL2 secreted by osteoblasts leads to fusion of LysC™# with
L},76C1°W monocytes stimulated by RANKL, resulting in mature,
multinucleated osteoclasts (195). In addition to osteoblasts,
activated inflammatory cells produce large amounts of CCL2
and this might explain the accelerated osteoclastogenesis and
joint destruction in an inflammatory setting (195).

Signals Governing Monocyte Differentiation,
Activation, and Functions in OA

Following their recruitment to the tissue, monocyte functions can
be shaped by a variety of signals present in the non-homeostatic
joint. Calcium binding proteins can act as damage- or pathogen-
associated molecular patterns (DAMPs and PAMPs, respectively)
and have multi-faceted effects on OA pathogenesis. Damage to the
cartilage leads to increased levels of SI00A8 and its binding
partner S100A9 specifically in synovial pro-inflammatory
macrophages, but not fibroblasts (196). Secretion of these factors
induces the production of pro-inflammatory cytokines in these
macrophages in an autocrine manner (196). In addition, in a
murine collagenase-induced OA model, which has a more
inflammatory phenotype than surgically-induced disease, release
of S100A8/9 elicits influx of LysC™#® monocytes via upregulation
of CCL2 (197) and increased egress of Ly6Ch igh monocytes from
the BM (197). In turn, activated monocytes are a major source for
S100A8/9, which might thus constitute a positive feedback loop.
Finally, SI00A8/9 might also be derived from chondrocytes and
directly contribute to cartilage disruption in OA by inducing
production of ADAMTS-4 and -5, MMP-1, -3, -9 and -13 and
the pro-inflammatory cytokines IL-6, IL-8 and CCL2 in
chondrocytes in a TLR4-dependent manner (198, 199).
Interestingly, chondrocyte-derived S100A8/9 may play a
predominant role in the acute post-injury phase, as expression
and protein levels in cartilage decrease with post-traumatic OA
disease progression while levels are maintained in immune-
mediate inflammatory arthropathy (199). S100A8/9 thus fuel the

initial pro-inflammatory microenvironment in the joint, provide
chemotactic cues for Ly6Chigh monocytes and exert direct
catabolic effects within the cartilage, processes which are further
amplified by several feedback loops. Another class of OA-
associated DAMPs are basic calcium phosphate (BCP) crystals.
Whilst in vive data on their relevance to OA are currently lacking,
in vitro exposure of monocyte-derived macrophages to BCP
crystals leads to a classically activated, pro-inflammatory
phenotype, a bioenergetic switch towards glycolysis and
increased expression of S100A8 (200). Promisingly, both BCP-
induced phenotypic polarization and S100A8 expression are
inhibited by a glycolytic inhibitor (2DG) indicating that
metabolic reprogramming might be underlying these effects (200).

The Janus Kinase/Signal Transducer and Activator of
Transcription (JAK/STAT), Mitogen-Activated Protein Kinase
(MAPK) and NF-kB pathways are involved in differentiation of
monocytes into macrophages and their functional polarization.
The latter depends on interferon regulatory factors (IRFs) (201).
IRF5 is a also downstream target of Granulocyte-Macrophage
Colony-Stimulating Factor Receptor (GM-CSFR), and plays a
critical role in pro-inflammatory macrophage polarization (202).
A recent clinical study investigated the role of IRF5 in OA and
found it to be overexpressed in synovial macrophages, but not
circulating monocytes (203). However, exposure to synovial fluid
from OA patients induced expression of IRF5 and IL-12 (via the
individual subunits IL-12p35 and IL-12p40) in monocytes, in turn
making them potent inducers of a Thl response characterized by
expression of IFN-y and Tbx21 in co-cultured naive CD4" T-cells
(203). This suggests that patient synovial fluid contains soluble
factors capable of inducing IRF5 in monocytes, thus contributing
towards a Thl inflammatory response.

TLR 4 is a receptor for PAMPs and DAMPs expressed on
monocytes that plays an important role in the activation of innate
immunity (204), and has been implicated in the inflammatory
reaction associated with OA (205). The adipokine visfatin was
recently identified as a TLR4 receptor agonist capable of evoking
inflammatory responses (206). In addition, visfatin stimulates
production of IL-1B, TNF-0. and IL-6 by monocytes (207), and
the resulting inflammatory environment displays higher levels of
circulating visfatin, thus constituting a positive feedback loop (208,
209). Visfatin is also involved in inter-tissue joint communication
underlying changes in the subchondral bone (210). These have
long been described in OA, but the exact mechanisms of this
remodeling and pathways of its activation has remained elusive.
Emerging evidence now points towards direct communication
between the subchondral bone and cartilage via diffusion (211).
Laiguillon et al. found that visfatin is produced in cartilage,
synovium and subchondral bone and exerts an enzymatic
effector function selectively inducing a pro-inflammatory
phenotype in chondrocytes, osteoblasts and synoviocytes,
characterized by increased secretion of IL-6 and CCL2 (210,
212-214). Because of its contribution to the inflammatory
response and tissue remodeling, inhibition of visfatin might be a
promising DMD approach.

The gene expression profiles of monocytes and monocyte-
derived macrophages, and hence, their functional polarization,
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might also be shaped by microRNAs expressed in response to
environmental stimuli. A recent study identified miR-155 as a
potential genomic switch in monocyte-derived macrophages
generated in vitro, which regulates their inflammatory profile
(215). Intriguingly, this phenomenon is partially reversed by
treatment with monoclonal anti-TNF antibodies, but not a
soluble TNF receptor (Etanercept) (215). MiRNAs expressed
by monocytes and their macrophage progeny, such as miR-155,
might therefore represent promising candidate DMD targets.
While we have focused primarily on joint injury and ptOA,
monocytes and macrophages in the arthritic joint might also be
affected by age and cellular senescence, as has been demonstrated
for RA. In this context, an elegant mouse study from Misharin et
al. is of note, where the role of different monocyte subsets in RA
pathogenesis using serum-transfer induced arthritis was
investigated. Ly6CI°W monocytes are recruited to the joint and
initially develop into classically activated macrophages, but the
macrophage compartment gradually undergoes a switch towards
a more alternatively activated phenotype (169). The initial highly
pro-inflammatory nature of the Ly6C™® monocytes could be
caused by a senescence-associated secretory phenotype, which is
associated with high baseline NF-«B and IL-1o activity (216). In
addition, accumulation of Ly6CIOW monocytes is found in the
elderly. These findings suggest that senescence might correlate
with increased numbers and pro-inflammatory skewing of
Ly6C'" monocytes, which might further exaggerate the
inflammatory response unfolding during RA progression.
Whether similar mechanisms might be at play in ptOA
requires evaluation, but it is interesting to note the accelerated
disease progression, increased expression of inflammatory genes
and inhibitory effects of MIF ablation following medial meniscal
destabilization in older versus younger mice (217, 218).

Immunogenic and Imprinting Signals in the
Injured Joint

As introduced, the synovial membrane plays a key role in
maintaining joint homeostasis as it guarantees the relative
immune privilege of the synovial cavity. However, while the
joint space itself is not vascularized, the synovial membrane also
features a vascular net located just below the intima. This
comprises capillaries, venules, arterioles and lymphatics (219)
through which systemic and local inflammatory stimuli can be
sensed (125, 220). Hemarthrosis and cartilage damage are direct
consequences of joint trauma, which affect the joint not only
macroscopically, but also on a cellular and molecular level (176).
Of note, the presence of blood in synovial fluid is an independent
predictor or poorer 2-year outcome following joint injury (221).
It is tempting to speculate that heme could be a cellular cue
shaping macrophages in the early stages of ptOA pathogenesis,
but unlike in the homeostatic spleen, it may instruct more
inflammatory cell states (222). Moreover, hemarthrosis directly
activates the complement system, leading to production of
complement anaphylatoxins (C3a and C5a) and formation of
the membrane attack complex (223). Intriguingly, genetic
deficiency for individual components of the complement
system in mice leads to either attenuated [C5 and C6 (224)] or

aggravated [CD59, also known as protectin (224)] ptOA joint
damage following injury.

As discussed above, mechanical forces may directly shape
macrophage functions in the homeostatic joint. It is therefore
plausible that the mechanical changes following joint injury,
impact on resident and recruited macrophages. This appears to
be the case at least in experimental RA, where the extent of
mechanical loading determines the local distribution of
inflammation and degree of damage (225). Mechanical damage
to the cartilage also leads to substantial ECM degradation.
Collagen fibers fail to contract (226, 227) and ECM
degradation is further enhanced by the lack of maintenance
and repair (228) following chondrocyte death. ECM-derived
tissue fragments are widely recognized as pro-inflammatory
and immunogenic (229, 230). These fragments and the
complement anaphylatoxin C5a can act as effective chemo-
attractants for innate and adaptive immune cells (231, 232)
and directly activate macrophages via NF-kB signaling (233).
Released cartilage destruction products such as matrilin-3 (229,
234), tenascin-C (235), fragmented biglycan (236) and
fibronectin (237) can also potently activate resident synovial
macrophages. Finally, cartilage and other joint tissue degradation
can induce release of additional DAMPs (238) capable of
activating innate immune cells via TLR2 and 4 (239) and NF-
KB signaling. The mechano-biological damage induced by injury
thus generates an inflammatory microenvironment in the joint
space, which is characterized by an increase in soluble
inflammatory mediators and chemo-attractants that might
induce transition to the acute inflammatory phase, and
importantly shape subsequent responses of both recruited
monocytes and resident macrophages.

T Cell-Mediated Monocyte and

Macrophage Activation in OA?

Other immune cells may provide signals amplifying the effects of
monocytes and macrophages. In the context of joint injury,
recruitment and activation of lymphocytes have traditionally
been thought of as secondary events that follow monocyte influx
and changes in macrophages (11). However, T cells are found in
synovium at higher levels in early versus late OA (240) and might
actively contribute to monocyte and macrophage activation via
co-stimulatory pathways. One such pathway relies on
interactions between CD40, a member of the TNF receptor
family found primarily on antigen-presenting cells and
monocytes, and its ligand CD40L (CD154), which is almost
exclusively expressed by activated CD4" T cells (241, 242).
CD40/CD40L interactions elicit a broad pro-inflammatory
response (243) that involves B cell differentiation (244) and
macrophage activation. In turn, activated macrophages and
other antigen-presenting cells enhance immunoglobulin
antigen affinity (241), activate cytotoxic T cells and promote a
Thl immune response (245). This co-stimulatory pathway
therefore has the potential to initiate a powerful amplification
loop that propagates joint inflammation. In keeping with this
notion, exaggerated CD40/CD40L signaling contributes to
autoimmunity (246), including RA. Multiple studies have
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shown overexpression of both CD40L (247-249) and CD40
(246) in RA, and levels of CD40L are associated with disease
activity (248) and perpetuation (247). Based on these findings,
biological treatments targeting this axis in RA have been
developed, which are currently undergoing early phase clinical
trials (250). Despite differences in the pathogenesis and
mechanisms involved in the development of RA and OA,
shared elements in the underlying inflammatory response seem
plausible (251). The effects of targeting the CD40/CD40L axis in
OA remain to be determined, however we have found that
CD40L mRNA levels are elevated exclusively in the synoviam
immediately after ACL rupture and during early onset of OA
development (252). These preliminary findings support the
notion that CD40/CD40L may be an early driver of T cell-
mediated synovial macrophage activation and warrant future
research into the CD40/CD40L axis specifically in ptOA.

Additional Candidate Pathways and
Mechanisms Leading to Macrophage
Dysregulation During OA Pathogenesis

In addition to the factors discussed above, obesity is a well-
established risk factor contributing to OA development (253),
through increased mechanical loading but also via dysregulated
secretion of adipokines and other metabolic factors (254). In mice,
high-fat diet (HFD) results in elevated leptin-induced levels of
lysophosphatidylcholine (lysoPC), which in turn increases
MMPI13 production by chondrocytes. As a consequence, obese
mice show an earlier onset and progressive course of spontaneous
OA (254). Direct links between obesity and OA have also been
shown in mouse models of ptOA. HFD was associated with
inflammation in the infrapatellar fat pad, characterized by
macrophage crown-like structures, which may have a priming
effect on the fat pad leading to a metabolic state of progressive OA
following injury (123). HFD was also shown to aggravate
inflammation of the synovial membrane post-injury, which was
marked by increased macrophage infiltration (255). These
findings are in line with the notion that obesity contributes to
aberrant macrophage activation in OA pathogenesis. Intriguingly,
these detrimental effects of HFD on OA persisted even after a
normal diet was resumed (254), indicating long-lasting effects and
potential windows or particular susceptibility. Some of these
effects may even be programmed in early life and transmitted
across generations. Indeed, increased higher susceptibility to
experimental ptOA has been reported in the first and second
generation offspring of mice fed a HFD during breeding (256).
Immune cells have been implicated as mediators of such
programming and transgenerational effects of obesity in
offspring (256), and epigenetic dysregulation has been
postulated as a central mechanism.

While some epigenetic modifications are stable and passed on
across generations, others are more dynamic and responsive to
environmental stimuli (257). These are believed to play a
significant role in OA development. Of the studies that have
investigated epigenetic changes in OA development, most have
focused on epigenetic mechanisms modulating chondrocyte

biology and inflammatory mediators (258). Evidence for
epigenetic modifications of macrophage remains scarce in the
context of OA. In principle, epigenetic processes govern various
aspects of macrophage biology, including their development,
differentiation, and activation, as well as the specification of
their tissue identity (259-261). For example, active DNA
demethylation occurs during monocyte to macrophage
differentiation in vitro (262) and the identity of tissue-resident
macrophages is shaped by unique enhancer landscapes in
response to microenvironmental cues (70, 71). They also
activate genes governing embryonic stem cell-like self-renewal
through macrophage-specific enhancers (263). Fully
differentiated macrophages are maintained in a “balanced”
state through a combination of activating (such as PU.1,
H3K4mel and open chromatin) (264) and repressive (such as
H3K9me3, H3K27me3 and H4K20me3) (265) epigenetic marks
and regulators (262). These repressive marks are removed upon
stimulation of macrophages through TLR, and specifically TLR4,
ultimately resulting in the production of inflammatory cytokines
such as IL-1B, CXCL10, IL-6 and TNF (262). TLR4 signaling has
also been implicated in low-grade inflammation mediated by
plasma proteins present in the synovial fluid of OA patients
(266). Whether epigenetic changes in macrophages contribute to
this remains to be formally shown, however.

Activation via TLR4 also initiates metabolic reprogramming
of macrophages, and distinct metabolic states have been linked to
functional differences in macrophage subsets. For example,
metabolic reprogramming towards increased glycolysis
promotes pro-inflammatory polarization (267). In OA,
increased glucose uptake correlates with disease progression,
and the hypoxic environment in the OA synovium may
enhance osteoclastogenesis (267, 268). Osteoclastogenesis
appears to also be promoted by metabolic syndrome through
NF-kB activation and advanced glycation end products (269). A
bioenergetic switch towards glycolysis is also induced in
macrophages by basic calcium phosphate crystals, which are
specifically found in OA (220), further supporting the notion
that macrophages may undergo metabolic reprogramming
during OA pathogenesis.

Finally, epigenetic and immunometabolic changes are also
hallmarks of “trained immunity”. This recently coined concept
(270) acknowledges that innate immune cells, including
macrophages, show increased responsiveness to secondary
stimuli following “training” by primary exposures. Whilst
trained immunity has not specifically been studied in the
context of OA, many of the cellular signals that impact on
macrophages during OA pathogenesis - or even preceding
disease onset - could mediate long-term effects through inducing
this type of innate memory in macrophages. Thus, obesity/HFD
may be primary exposures that train heightened or specific OA
inducing immune responses to a secondary stimulus such as injury
(123, 256). It is interesting to speculate that this may also be
relevant in the context of prior even minor joint injuries increasing
the risk and/or severity of ptOA following a critical/destabilizing
injury such as anterior cruciate ligament (ACL) rupture (see
Blaker et al,, 2021 and references therein) (271).
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HARNESSING MONOCYTE AND
MACROPHAGE BIOLOGY FOR OA
RISK STRATIFICATION, DIAGNOSIS,
AND THERAPY?

It is now well recognized that ptOA development features an
early inflammatory response. This involves systemic processes
resulting in monocyte recruitment, as well as a local disbalance
within the immune “niches” of the affected joint, whose immune
privilege is therefore compromised. This recognition has several
implications that in the future could be exploited for prognostic,
diagnostic and therapeutic benefit, examples of which we
discuss below.

Monocytes and Macrophages as
Biomarkers for OA
To this day, OA diagnosis largely depends on clinical
presentation/symptoms and conventional imaging methods like
x-ray, computerized tomography (CT) scans or magnetic
resonance imaging (MRI) (272). Diagnostic biomarkers are
currently missing, as are reliable predictive markers. Access to
synovial fluid and hence, the search for useful biomarkers, is
limited by the invasive nature of the acquisition procedure.
Nonetheless, advances have been made recently in the search
for cellular and molecular biomarkers with diagnostic and/or
predictive potential (221, 273), using synovial fluid where
available, or peripheral blood, which can be more readily obtained.
On the cellular level, a growing body of data implicates
monocytes and monocyte-derived macrophages in OA
pathogenesis, as discussed in this review. Several recent clinical
studies therefore investigated the prognostic value of peripheral
immune cell ratios. While the exact ratios differ between studies,
monocytes represent a common denominator. In particular, the
neutrophil to monocyte ratio is independently and inversely
associated with OA severity as classified using the Kellgren-
Lawrence scale (274). Similarly, the monocyte to lymphocyte
ratio reliably predicts OA progression (275). MicroRNA analysis
of peripheral blood mononuclear cells (PBMCs) from OA
patients showed elevated expression of miRNA-146a and
miRNA-155 (276), which influence inflammatory cell signaling
via the NF-«B pathway (277, 278). Moreover, transcriptomic
analysis of PBMCs from OA patients identified more than 1000
differently expressed genes, pathway analysis of which implicated
inhibition of chondrocyte differentiation, increased
osteoclastogenesis and MAPK activation (279). These data
collectively indicate that peripheral blood monocytes of OA
patients differ from healthy controls both quantitatively and
qualitatively. It is tempting to speculate that specific OA-
primed inflammatory monocytes exist in the peripheral blood
during disease progression, and even potentially prior to onset.
This notion is corroborated by data from Loukov and colleagues,
who demonstrated that following in vitro exposure to DAMPs,
peripheral blood monocytes from women with knee
OA produced higher levels of the pro-inflammatory cytokines
IL-1PB and TNF-¢. than monocytes from healthy controls (280).
The same group also demonstrated significantly higher levels of

CD14 expression on monocytes of OA patients, further
implicating non-classical activated monocytes.

Within the synovial fluid of knee OA patients, monocytes and
macrophages constitute the second most abundant cell
population after T cells, and a large proportion of these are
CD16, thus further implicating non-classical monocytes (281).
Liu et al. investigated the relative abundance of phenotypically
distinct macrophages in synovial fluid of knee OA patients and
found an increased ratio of “classically” compared to
“alternatively” activated macrophages (282). This ratio further
correlated with disease severity, suggesting that despite the
limitations of this simplistic dichotomy, such analyses can
yield clinically relevant data.

A wealth of experimental and clinical studies has analysed
inflammatory parameters and markers in synovial fluid for their
potential to serve as biomarkers. These studies have shown that levels
of CCL2, IL-6 and IL-8 accurately distinguish OA from normal joints
(283-285) and inflammatory markers can even predict the outcome
of ACL reconstruction. Similarly, the presence and severity of
synovitis following meniscal injury are associated with the risk of
progressive cartilage damage, even if inflammation subsequently
resolves (286). Elevated levels of several additional synovial fluid
biomarkers associate not only with radiographic OA severity
(sVCAM-1, sICAM-1, TIMP-1 and VEGF) and OA symptoms
(VEGF, MMP-3, TIMP-1, sVCAM-1, sSICAM-1 and MCP-1) but
are also highly correlated with levels of neutrophil elastase (287). This
highlights a potential role for neutrophil activation in the onset of OA.
These initial findings were further corroborated by a recent study
indicating that expression levels of TGF-881 and elastase were
associated with radiographic severity scores and predictive of knee
OA progression (288).

Based on such findings, Jayadev et al used a novel machine
learning approach to develop a “cytokine fingerprint” for end-
stage OA. Using a panel of eight biomarkers (PITANP, TIMP-1,
ADAMTS-4, CCL2, IP-10 and TGF-[B3), this model
distinguishes between OA, knee injury and inflammatory knee
arthritis (i.e. RA or psoriatic arthritis) with almost 100% efficacy
(289). Interestingly, knee/hip arthroplasty further increases the
levels of angiogenic and pro-inflammatory cytokines, but leaves
anti-inflammatory cytokines unaffected, suggesting underlying
changes specifically in pro-inflammatory pathways, which might
be further exacerbated with surgical treatment (290).

In summary, biomarker research has both leveraged and fueled
the notion that monocytes contribute to OA pathogenesis, and
that OA-primed non-classical monocytes might exist. Although
this progress is encouraging, the majority of recently identified
biomarkers are associated with disease progression, rather than
onset. There remains thus a pressing, unmet clinical need for
biomarkers instrumental in diagnosis and stratification of

individuals at risk of developing ptOA following knee injury.

Disease Modifying Drugs for OA:

Where Are We on the Clinical and
Pre-Clinical Level?

To target the early inflammatory phase that follows joint injury
and initiates OA pathogenesis, adjuvant DMDs are urgently
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needed. A variety of agents with the potential to serve as DMDs
are currently being tested, but unfortunately, with limited success
(291). Some studies on local inhibition of IL-1 in animal models
showed promising results. In particular after closed articular
fracture, intra-articular injection of an antagonist for IL-1
receptor (IL-1Ra) reduces post-traumatic OA, cartilage
degeneration and synovitis (292-294). However, the clinical
efficacy of this approach remains controversial. While an early
clinical study found that intra-articular administration of IL-1Ra
performed within 1 month of severe knee injury led to reduced
knee pain and improved function over a 2-week follow-up period
(295), other clinical studies using either IL-1Ra (Anakira) or a
dual variable domain immunoglobulin that simultaneously
inhibits IL-1¢t and IL-1f (Lutikizumab) have yielded no benefit
in OA patients compared to placebo controls (291). Interestingly,
retrospective secondary analysis of a large-scale clinical trial of a
monoclonal antibody targeting IL-1B for cardiovascular disease
found reduced incidence of hip and knee replacement in patients
with high C-reactive protein, suggesting a potential effect on OA
progression in an inflammatory setting (296).

It is noteworthy, that the OA-specific studies of DMD
candidates described above were tested mostly in patients with
advanced OA with the intention of reducing established clinical
and radiological disease progression. In line with the current
difficulties in risk stratification and early diagnosis outlined
above, to date, no drugs have been advanced to the clinical
stage that target the inflammatory response at the onset or early
stages of disease. Experimentally, however, attempts to advance
in this direction have been made recently. One study explored
the role of incretin hormone receptors in vitro. It found that an
analogue for the human Glucagon-Like Peptide-1 (GLP-1),
liraglutide, reduced production of reactive oxygen species, IL-6
and CCL2, reduced collagen and aggrecan degradation and
inhibited inflammation via deactivation of NF-KB signaling
(297). Similarly, administration of dexamethasone, rapamycin
or BMP-7 results in a more anti-inflammatory macrophage
phenotype in vitro. Whilst these findings await in vive
confirmation, these drugs might hold potential of modulating
synovial inflammation in patients (298).

One of the few in vivo studies investigating the impact of anti-
inflammatory therapy immediately after joint injury utilized a
porcine model. Here, the authors induced OA via transection of
the anterior cruciate ligament (ACL) and immediately provided
corticosteroids by intraarticular injection, which resulted in
mitigated collagen degradation, reduced monocyte recruitment
and a less inflammatory macrophage profile/phenotype (299).
Our group has investigated the respective effects of intraarticular
administration of hyaluronan or BM-derived mesenchymal stem
cells in a murine OA model. We found that hyaluronan therapy
increased anti-fibrotic macrophages and decreased pain
sensitization, while treatment with MSCs did not impact pain,
but led to long-term chondroprotection (300). Along similar
lines, another recent study demonstrated that administration of
Alpha defensin-1 renders macrophages less inflammatory and
attenuates OA in a surgical model (301). Collectively, these data
suggest that specific anti-inflammatory treatment immediately

after knee injury might represent a promising future therapeutic
approach, and thus, justify additional experimental and
ultimately clinical studies.

CONCLUDING REMARKS, OPEN
QUESTIONS, AND FUTURE DIRECTIONS

Distinct Inflammatory Responses in
Different Joint Injuries?

Post-traumatic OA accounts for nearly 12% of all cases of
symptomatic OA (302) and a recent longitudinal cohort study
showed that the risk of developing OA is almost sixfold increased
by knee injury at a young age (303). Further stratification of these
data revealed distinct risks for different injury types: ACL injury,
meniscal tears and articular fractures of the tibia (risk difference
(RD) of 19.5%, 10.5% and 6.6%, respectively) were associated with
the highest risk (303). In trying to identify possible reasons for
these differences, the simplest explanation of variable
biomechanical aberration is insufficient, as an abundance of data
has shown that restoration of biomechanics alone does not
prevent ptOA development (4). An alternative hypothesis is that
phenotypic differences exist in the pathogenesis of ptOA
depending on the type of tissue affected by injury. Thus,
metabolic and immunobiological differences may determine the
individual risk of developing ptOA. Although comprehensive
studies investigating the tissue- and phenotype-specific immune
response after joint injury are missing, existing evidence supports
an immunological role for the meniscus (304), which engages in a
pro-inflammatory crosstalk with the synovium in OA (305).
Furthermore, synovial fluid, cartilage tissue and isolated
cartilage cells display distinct pro-inflammatory cytokine profiles
depending on the type of pathology, further supporting the notion
that a phenotype-specific cytokine topography exists in the joint
(306). Future studies should therefore be designed to examine the
inflammatory reaction associated with different types of
joint injury.

Could Restoring Joint Immune
Homeostasis Hold the Key to OA?

Owing to decades of research, we have come to understand that
OA cannot simply be attributed to “wear and tear” resulting from
biomechanical changes. Rather, OA results from a complex
biological response of different cells in multiple joint tissues,
with “inflammation” playing a crucial role this process.
Monocytes and macrophages are emerging as key players in the
inflammatory process associated with OA. Circulating monocytes
are particularly attractive as druggable targets, but selective
targeting of tissue-resident macrophages might be equally
feasible, for example using antibody-conjugated lipid
nanoparticles (72). It is tempting to speculate that dysregulated
dynamics between monocytes, macrophages and other cell types
they cross-react with in the joint not only fuels pathology, but in
fact represents an underlying cause of OA. To harness these
intricate cellular interactions for diagnostic and therapeutic
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purposes, we need to further improve our understanding of
monocyte and macrophage biology in both healthy and arthritic
joints. Deciphering their developmental and functional dynamics
harbours the potential of one day being able to restore synovial
immune homeostasis and thus, finally provide a causative
treatment for this debilitating disease.

Can Findings From ptOA Be Translated to
Other OA Phenotypes?

A wide range of small and large animal models for OA have been
developed, and these have recently been reviewed (307). Far and
away the most commonly used models are those induced by joint
injury. They share a comparably rapid onset and highly
standardized disease progression, and allow investigation of
underlying molecular and cellular mechanisms, as well as
evaluation of potential treatments at different stages of disease
progression. However, the translation of findings made in these
models to clinical settings has remained challenging (308). One
explanation is the current discrepancy between preclinical
research predominantly using ptOA models and clinical studies,
the majority of which investigate late-stage “primary OA” which
occurs in the absence of prior trauma or disease (309). There is
emerging evidence that the pathophysiologic mechanisms of
structural and symptomatic OA differs depending on the key
initiating factors or disease phenotype (310, 311). How different
the complex cellular inflammatory response is in different OA
phenotypes remains to be resolved. In a first attempt to overcome
this issue, findings from preclinical ptOA studies should be tested
in preclinical models of primary OA, such as spontaneous age-
associated and metabolic/obesity-induced disease. Whilst the
associated immune response may be different in strength and
spatio-temporal patterns, it is likely that at least some aspects of
monocyte and macrophage biology relevant to ptOA apply to
other OA phenotypes, such as their roles in ECM degradation and
chondrocyte death, which are universal OA disease features.
Likewise, some molecular signals identified in ptOA models as
regulators of macrophage activation and polarization, such as
specific cytokines and chemokines, and are also present in

multiple OA phenotypes (312).

Open Questions and Future Directions
for Research

- Does the initial inflammatory response following joint injury
pathologically imprint monocytes, macrophages and their
stromal niche in the joint?

- Do disease-specific, “imprinted” populations of monocytes and
macrophages emerge prior to disease onset? Do they mediate
(or: propagate) OA pathogenesis?
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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.

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

specific pathway blockade.

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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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 naive 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 naive 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

2.24.1 Published Manuscript Describing the Implementation and
Testing a Novel Multicolor Flow Cytometry Analysis for
Immune Cell Subsets in Context with ptOA.

44



]Dve Journal of Visualized Experiments www.jove.com

Video Article
Flow Cytometry Analysis of Inmune Cell Subsets within the Murine Spleen,

Bone Marrow, Lymph Nodes and Synovial Tissue in an Osteoarthritis Model

Patrick Haubruck"?, Aimee C. Colbath"®, Yolanda Liu', Shihani Stoner’, Cindy Shu', Christopher B. Little’

1Raymond Purves Bone and Joint Research Laboratory, Institute of Bone and Joint Research, Kolling Institute, Royal North Shore Hospital, University of Sydney

24TRG - Heidelberg Trauma Research Group, Center for Orthopedics, Trauma Surgery and Spinal Cord Injury, Trauma and Reconstructive Surgery, Heidelberg
University Hospital
3Departmenl of Large Animal Clinical Sciences, College of Veterinary Medicine, Michigan State University

Correspondence to: Patrick Haubruck at patrick.haubruck@sydney.edu.au

URL: https://www.jove.com/video/61008
DOI: doi:10.3791/61008

Keywords: Medicine, Issue 158, Osteoarthritis, immunology, flow cytometry, lymphocyte subsets, T-cells, monocytes, macrophages, orthopedics,
posttraumatic osteoarthritis

Date Published: 4/24/2020

Citation: Haubruck, P., Colbath, A.C., Liu, Y., Stoner, S., Shu, C., Little, C.B. Flow Cytometry Analysis of Inmune Cell Subsets within the Murine
Spleen, Bone Marrow, Lymph Nodes and Synovial Tissue in an Osteoarthritis Model. J. Vis. Exp. (158), 61008, doi:10.3791/61008 (2020).

Osteoarthritis (OA) is one of the most prevalent musculoskeletal diseases, affecting patients suffering from pain and physical limitations. Recent
evidence indicates a potential inflammatory component of the disease, with both T-cells and monocytes/macrophages potentially associated with
the pathogenesis of OA. Further studies postulated an important role for subsets of both inflammatory cell lineages, such as Th1, Th2, Th17,
and T-regulatory lymphocytes, and M1, M2, and synovium-tissue-resident macrophages. However, the interaction between the local synovial
and systemic inflammatory cellular response and the structural changes in the joint is unknown. To fully understand how T-cells and monocytes/
macrophages contribute towards OA, it is important to be able to quantitively identify these cells and their subsets simultaneously in synovial
tissue, secondary lymphatic organs and systemically (the spleen and bone marrow). Nowadays, the different inflammatory cell subsets can

be identified by a combination of cell-surface markers making multi-color flow cytometry a powerful technique in investigating these cellular
processes. In this protocol, we describe detailed steps regarding the harvest of synovial tissue and secondary lymphatic organs as well as
generation of single cell suspensions. Furthermore, we present both an extracellular staining assay to identify monocytes/macrophages and their
subsets as well as an extra- and intra-cellular staining assay to identify T-cells and their subsets within the murine spleen, bone marrow, lymph
nodes and synovial tissue. Each step of this protocol was optimized and tested, resulting in a highly reproducible assay that can be utilized for
other surgical and non-surgical OA mouse models.

Introduction

Osteoarthritis (OA) is a debilitating and painful disease involving various pathologies of all tissues associated with the Jomt Affectlng
approximately 3.8% of the global populauon2 OA is one of the most prevalent musculoskeletal diseases and it is to become the 4" leading
cause of disability worldwide by 2020°, Post traumatic 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*® . Furthermore, joint injury increases the lifetime risk of OA by more than five times®. Not all injuries
with apparently similar instability will go on to develop OA, and therefore defining factors that drive the long-term OA-risk remains challenging.
It is crucial in order to develop effective treatments to prevent and/or treat post-traumatic OA, to investigate and better define the injury-specific
pathology, causes, and mechanisms that predispose to OA'.

OA and its defining cartllage destruction was previously attributed entirely to mechanical stress and, thus, OA was considered a non-
inflammatory disease®. However, more recent studies have shown an inflammatory mfltratlon of synowal membranes and an increase of
inflammatory cells in the synovial tissue in patients with OA compared to healthy controls?, shedding light on an inflammatory component as
a potential driving force in OA. Further studies indicated that abnormalities in both the CD4+ and CD8+ T-cell profile as well as monocytes/
macrophages of the innate immune system may contribute to the pathogeneS|s of OA?7. Detailed investigations into these abnormalities
revealed relevant roles for various T cell subsets2 such as Th18 Th2 Th17%and T regulatory (Treg) populatlons10 i . Despite this compelling
evidence, the causal relationship between the alteration of T-cell responses and the development and progression of OA is still unknown?.

In addition to specific T-cells having a role in OA, recent studies suggest that differentially polarized/activated macrophages may be associated
with pathogenesis of OA". In particular, macrophages originating from blood monocytes accumulate in the synovium and polarize into either
classically activated macrophages (M1) or alternatively activated macrophages (M2) during OA development, implying a correlation between
monocyte derived macrophages and OA™. In contrast, certaln subsets of macrophages populate organs early during development and self-
sustain their numbers in a monocyte independent matter . Recently, a joint protective function mediated by a tight-junction barrier was shown for
these synovial-tissue-resident macrophages (STRMs) . These findings indicate that abnormalities in particular macrophage subsets may play a
crucial role during development of OA. However, the interactions between this inflammatory cellular response and the structural changes in the
joint subsequent to trauma is unknown.

Historically, analysis of immune cells in the synovial tissue was restricted to immunohistochemistry (IHC) or mRNA expression by reverse-
transcription polymerase chain reaction (RT-PCR) approaches’s"e‘ However, both IHC and RT-PCR lack the ability to identify multiple different
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cell types and their subsets simultaneously, thus, limiting the applicability of these methods. Furthermore, IHC is limited to analysis of small
samples of tissue and may miss focal inflammatory cell accumulations. Over the last several years, a myriad of surface markers for various cell
types have been developed, and subsets of immune cells can now be reliably identified by distinct combinations of these markers. Due to steady
technical progress, flow cytometers are now capable of identifying a multitude of different fluorochromes simultaneously enabling analysis of
large multicolor antibody panels.

Flow cytometry provides investigators with a powerful technique that allows simultaneous identification and quantification of a multitude of
immune cells and their subsets at the single cell level. We have developed and optimized both an extracellular staining assay to identify
monocytes/macrophages and their subsets as well as an extra/intracellular staining assay to identify T-cells and their subsets within murine
spleen, bone marrow, lymph nodes and synovial tissue. Each step of this protocol was optimized and tested resulting in a highly reproducible
assay that can be utilized for other surgical and non-surgical OA mouse models'’.

Northern Sydney Local Health District Animal Ethics Committee has approved all procedures mentioned in this protocol. Mice are 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). For all experiments 10-12-week-old, male C57BL/6 mice were utilized.

NOTE: To induce post-traumatic OA, surgical destabilization of the medial meniscus (DMM) in the right stifle joint was performed. Detailed
information regarding this animal model was published by Glasson et al.™® In short, general anesthesia is induced in an induction chamber
using isoflurane and thereafter maintained using a nose cone. The surgical leg is shaved with a razor blade and the surgical site is washed and
swabbed with ethanol to minimize contamination. The animal is then moved to the operating microscope and placed on a sterile towel and the
leg draped with sterile paper drape to isolate the surgical site and minimize contamination. Using the microscope, a 0.5 cm medial para-patella
arthrotomy is made, the patella luxated laterally, and the infra-patella fat pad elevated to expose the medial menisco-tibial ligament, which is
transected with dissecting forceps. The joint is flushed with sterile saline to remove any blood and the wound is closed in three layers — joint
capsule, subcutaneous tissue (using suture material) and skin (using surgical tissue glue). Methods described in this protocol, however, can

be applied to other models and methods for inducing OA. OA can be induced in either side of the animal, and when harvesting tissues, it is
important to harvest the ipsilateral (draining) lymph nodes.

1. Isolation of the spleen, contralateral bone marrow, ipsilateral lymph nodes draining the
stifle and synovial tissue

1. Euthanize the mouse by cervical dislocation. Place the mouse in a supine position under a dissecting microscope and wipe the chest,
abdomen and legs with 70% ethanol. Carefully open the skin on the midline for the length of the abdomen using straight scissors leaving the
abdominal cavity intact.

2. Gently pull the skin on the right side of the animal away from the underlying muscle leaving the subcutaneous adipose tissue attached to the
skin. Normally, gentle traction alone will separate the skin and underlying adipose tissue from the muscle. Sporadic adherences should be
cut through with fine scissors in order to keep the tension necessary to separate tissues to a minimum and reduce the chance of harming the
lymph nodes. Identify a crossing of three vessels by gently teasing out the adipose tissue located at the thigh using two curved fine forceps.
The inguinal lymph node is located at the crossing and can be identified by its ovoid shape and slightly darker color.

3. Remove the inguinal lymph node using fine dissecting forceps. Be careful not to rupture the capsule. Remove the remaining fat on the
surface of the lymph node with the forceps.

4. Open the abdominal cavity and identify the spleen. Cut out the spleen with fine scissors. Gently pull the intestines aside to expose the aorta
and its bifurcation being careful not to harm them, in order to minimize risk of contamination. The iliac lymph node is located at the terminal
segment of the abdominal aorta and the origin of the common iliac artery. Remove right iliac lymph node and proceed as described in 1.3.

5. Gently remove the skin of both hind limbs. Dissect the left femur by cleaning it from muscle tissue using the blade and fine scissors. Carefully
disconnect both the stifle and hip joint leaving the whole bone intact and remove the femur.

6. Identify the patella tendon of the right stifle joint, then remove the adjoining muscle tissue proximal to this using fine scissors until
approximately Smm of quadriceps tendon proximal to the patella is exposed. Thereafter, cut through the quadriceps tendon approximately
3-4mm proximal to the patella to form a handle and using fine forceps gently pull it away from the joint. This will render the edges of the joint
capsule attachment to femur visible, and using a scalpel blade carefully cut along the edges of the joint capsule on both sides, starting at
the femur going towards the tibia, in order to maximize the amount of synovial membrane that is harvested. Whilst cutting it is important to
maintain a gentle traction on the quadriceps tendon and pause when the synovial tissue block is only attached to the tibia. At this stage the
intraarticular fat pad is now clearly visible distal to the patella and can be gently detached from the joint and anterior aspect of the menisci
using the blade. Thereafter, cut along the remaining part of the joint capsule (tibial portion) to remove the synovial tissue block.

NOTE: This step has to be done very precisely to allow reliable results. After completing the dissection, the “synovial tissue block” should
consist of the patella, patella tendon, infrapatellar fat pad, supra- and infrapatellar recesse synovial lining and associated joint capsule
anterior to the collateral ligaments. Keep all tissues moist during dissection using 0.9% saline solution.

NOTE: Place each synovial tissue block sample in a separate well of a labelled 24-well plate containing 1.5 ml of RPMI 1640 medium.
Combine both the iliac and the inguinal lymph node into one well and pool tissues from two mice.

2. Generation of single cell suspensions from each tissue

NOTE: In order to ensure sufficient cell numbers for flow analysis synovial tissues from two mice need to be pooled. In the current protocol, pool
all tissues from the same two mice in order to maintain analogy. Furthermore, iliac and inguinal lymph nodes were combined for each animal
resulting in a total of 4 lymph nodes for each sample. In general, cell numbers in spleen, bone marrow and lymph nodes from one animal are
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sufficient to conduct flow analysis and the protocol can be applied. However, when using tissues from only one animal lysing times might need to
be adjusted.

1. The spleen

1. Place the two pooled spleens onto a 70 um cell strainer on top of a 15 mL tube. Gently macerate the spleens through the mesh filter
using a sterile 3 mL syringe plunger. Flush the strainer frequently with a total of 6 mL of RPMI 1640 medium supplemented with 10%
FBS.

2. Spin the cells (500 x g, 5 min, RT) and resuspend the pellet in 5 mL of red blood cell (RBC) lysis buffer. Incubate for 5 min at RT and
stop the reaction by diluting the lysis buffer with 10 mL of PBS. Spin the cells (500 x g, 5 min, RT) and repeat this step once or until no
more RBC are in the pellet.

NOTE: Refilter the suspension using a 30 um cell strainer into a new 15 mL tube between the two rounds of lysing to remove
coagulated cells.

3. After lysing is complete, spin the cells (500 x g, 5 min, RT), discard supernatant and resuspend pellet in 1 mL of PBS. Count the
number of live cells on a hemocytometer using Trypan blue exclusion.

2. The lymph nodes
1. Place the four pooled lymph nodes onto a 70 pm cell strainer on top of a 15 mL tube. Gently tease the lymph nodes apart into a single
cell suspension by pressing with a sterile 3 mL syringe plunger. Flush the strainer frequently with a total of 6 mL of RPMI with 10%
FBS.
2. Spin the cells (500 x g, 5 min, RT), discard supernatant and resuspend the pellet in 500 pL of PBS. Refilter the suspension using a 30
pm cell strainer into @ new 15 mL tube to remove coagulated cells. Count the number of live cells on a hemocytometer using Trypan
blue exclusion.

3. The bone marrow

1. Carefully grasp the intact femur using a tissue thumb forceps without fracturing it. Cut off the very end of the proximal femur with
a sharp scissor in order to facilitate flushing of the bone. Turn the femur around and position a 23 G needle in the middle of the
intercondylar notch of the femur. Whilst applying gentle pressure rotate the needle between thumb and index finger in order to drill a
hole in the intercondylar notch to enter the bone cavity.

NOTE: Sometimes particles of the bone can obstruct the needle after drilling the hole, to avoid unnecessary high pressure during
flushing a change of needle before flushing is recommended.

2. Flush the bone with 6 mL of RPMI with 10% FBS (or until the flush turns white) using a 10 mL syringe with a 23 G needle onto a 70 pm
cell strainer that is placed on a 15 mL tube. Gently press the bone marrow through the cell strainer with a plunger of a 3 mL syringe
and rinse the strainer with another 3 mL of RPMI.

NOTE: The bones should appear white once all the marrow has been flushed out completely.

3. Spin the cells (500 x g, 5 min, RT) and resuspend the pellet in 5 mL of RBC lysis buffer. Incubate for 5 min at RT and stop the reaction
by diluting the lysis buffer with 10 mL of PBS.

4. Spin the cells (500 x g, 5 min, RT), discard supernatant and resuspend the pelletin 1 mL of PBS. Refilter the suspension using a 30
pm cell strainer into a new 15 mL tube to remove coagulated cells. Count the number of live cells on a hemocytometer using Trypan
blue exclusion.

4. The synovial tissue

1. Dice the two synovial tissue blocks into tiny pieces with a fine surgical scissor. Transfer the samples with medium into a 15 mL tube.
Rinse the old well with additional 0.5 mL of RPMI to get remaining cells and synovial tissues, transfer to falcon tube (final volume 2
mL).

TIP: Use a transfer pipette and cut of the tip where the diameter widens in this step.

2. Reconstitute enzyme and aliquot according to manufacturer instructions (e.g., Liberase). Add sufficient enzyme to result in a final
concentration of 1 Unit/mL (a total of 2 Units per sample). Digest at 37 °C for 2 h using a MACS rotator.

3. Stop the digestion by adding 8 mL of RPMI with 10% FBS and filter cell suspension through a 70 pm cell strainer into a new 15 mL
tube. Rinse the old 15 mL tube with another 5 mL of RPMI with 10% FCS medium and filter cell suspension through same cell strainer
into the new tube (15 mL final volume).

4. Spin the cells (500 x g, 10 min, RT), discard supernatant and resuspend the pellet in 500 uL of PBS. Count the number of live cells on
a hemocytometer using Trypan blue exclusion.

3. Allocation of cells

1. Label two 96-well plates (U-bottom shape) with type of tissue, animal ID, and the designated antibody panel. A total of two antibody panels
are used in this protocol: Monocyte subset panel (extracellular staining) and T-cell subset panel (extra- and intracellular staining).

2. Provide 5x 10° cells per well using the respective single cell suspensions.
NOTE: When setting up the experiment, assess the absolute number of cells that is expected per group and tissue type (treated animals
have a higher cell count in tissues than control animals). When resuspending the cell pellet during the last step of generating single cell
suspensions, choose an appropriate amount of PBS in order to end up with a concentration of 5 x 10° per 200 pL. The 96-well plate used
here can hold a maximum of 300 L and typically, 200 pL is ideal to minimize the risk of cross-contamination due to spillage.

3. For each panel and tissue type, distribute at least 5 x 10° cells as unstained controls in wells that have been clearly marked.
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4. Monocyte Subset Panel

1.

Perform viability staining: Spin cells (500 x g, 5 min, 4 °C) using a plate spinner and wash the cells once with 200 uL of 1x PBS. Prepare a
stock solution of cell-impermeant amine-reactive dye (viability stain) diluted 1:50 in 1x PBS.Thereafter, resuspend the cell pellets with 100 pL
of this stock solution resulting in an absolute volume of 2 pL of viability stain per well. Incubate for 15 min at 4 °C protected from light.

NOTE: The optimal amount of viability stain needed should be determined by performing a dose titration curve. In addition, diluted viability
stain stock solution should be used in a single day and not be stored. Refer to manufacturer’s instructions for more information on how to
reconstitute, dilute and store the viability stain.

During the incubation, prepare the cocktail of antibodies in an appropriate volume of FACS buffer (Ca2+ and Mg+ free PBS containing
0.1%BSA and 0.02% sodium azide). Wash the cells twice with 200 uL of FACS buffer, centrifuge (500 x g, 5 min, 4 °C) and resuspend each
pellet with 100 uL of the antibody mixture or appropriate control mixture. Incubate for 30 min at 4 °C protected from light.

NOTE: Please be aware that sodium azide is toxic to cells. In the current protocol the concentration of sodium azide in the flow buffer is very
low (0.02%) and samples are run immediately after staining thus, not causing any issue. If downstream functional assays of sorted cells are
planned, it might be beneficial to make up fresh FACS buffer each day of experiments and not use any sodium azide. When using a multitude
of antibodies, it is advised to add an appropriate amount of “Brilliant Stain Buffer” to the cocktail of antibodies to enhance results.

Wash the cells twice with 200 uL of FACS buffer and resuspend the cells in 250 pL of FACS + EDTA buffer (FACS buffer containing 1 mM
EDTA). Transfer samples into labeled FACS tubes. Keep samples at 4 °C and protected from light until acquisition.

NOTE: Immune cells have the tendency to be sticky. In order to minimize both the risk of blockage and number of doublets it is recommended
to add 1 mM EDTA to the final flow buffer.

5. T Cell subset panel

1.

Perform viability staining: Spin cells (500 x g, 5 min, 4 °C) using a plate spinner and wash the cells once with 200 uL of 1x PBS. Prepare a
stock solution of cell-impermeant amine-reactive dye (viability stain) diluted 1:50 in 1x PBS. Thereafter, resuspend the cell pellets with 100 pL
of this stock solution resulting in an absolute volume of 2 pL of viability stain per well. Incubate for 15 min at 4 °C protected from light.

Whilst incubating the samples, prepare the extracellular staining antibody cocktail in an appropriate volume of 1x FACS buffer. Wash the cells
twice with 200 uL of 1x FACS buffer, spin them down (500 x g, 5 min, 4 °C) and resuspend each pellet with 100 pL of the antibody mixture or
appropriate control mixture. Incubate for 30 min at 4 °C protected from light.

Perform the intracellular staining with a fixation and permeabilization kit following the manufacturer’s instructions. Wash the cells twice with
200 pL of 1x FACS buffer and resuspend in 200 L of fixation buffer. Incubate for 40 min at 4 °C protected from light.

During the incubation, prepare the cocktail of antibodies (intracellular staining) in an appropriate volume of 1x permeabilization and wash
buffer. Collect cells by spinning (750 x g, 5 min, 4 °C) and wash cells twice with 200 pL of 1x perm/wash buffer.

NOTE: Fixation and permeabilization results in cells that tend to be a bit harder to properly pellet. In order to minimize cell loss during the
subsequent washing steps, increase the centrifugal force to 750 x g. Alternatively a longer spinning cycle could also be applied. However, this
would result in a considerably longer time that is needed to prepare the cells.

Spin cells (750 x g, 5 min, 4 °C) and resuspend each pellet with 100 pL of the antibody mixture or appropriate control mixture. Incubate for 40
min at 4 °C protected from light.

Wash the cells twice with 200 pL of 1x perm/wash buffer and resuspend the cells in 250 pL of FACS + EDTA buffer. Transfer samples into
labeled FACS tubes. Keep samples at 4 °C and protected from light until acquisition.

NOTE: For each antibody the optimal concentration needs to be determined by performing a dose titration curve. Concentration between
antibodies can differ drastically: CD3 and CD80 was used with a dilution factor of 1:1, while CD11b and CD4 was used with a dilution factor of
1:6400. When titrating the antibody concentration use the same number of cells that will be used during the experiments.

6. Compensation, appropriate controls and gating

i,

2:

Setting up the experiment

1. Once the optimal antibody concentration has been determined run unstained and single stained controls for compensation to adjust for
spectral overlap.
NOTE: Run all compensation controls with both cells and compensation beads. Use whatever generates the brightest results (highest
MFI of positive events) for compensation. MF| stands for mean fluorescence intensity and is often used to describe and define the
mean intensity of the generated signal and thus, level of antibody expression.

2. Run fluorescence minus one (FMO) controls and isotype controls when starting a new multicolor experiment. Further details regarding
FMO have been previously published19.

3. Determine the optimal Forward Scatter Area (FSC-A) voltage and Side Scatter Area (SSC-A) voltage in order to detect the leukocyte
population in unstained controls of each tissue type.
NOTE: The fixation and permeabilization process alters the dimensions of the cell. Thus, the FSC-A and SSC-A voltages for the
Monocyte Subset Panel and T Cell Subset Panel differ considerably. In order to find the optimal voltages for the T Cell Subset Panel,
use cells that have been single stained with CD3 and back gate towards the leukocyte populations while adjusting the FSC-A and SSC-
A values.

Gating strategy
1. Once the optimal FSC-A and SSC-A voltage has been determined, set up a primary gate on the leukocyte population.
NOTE: Prior to each experiment calibrate the cytometer using calibration beads as per manufacturer’s instructions and run unstained
beads. Leukocyte populations of different time points should have comparable FSC and SSC properties (slight differences between
tissue types are expected and normal). If FSC and SSC varies considerable trouble shoot the cytometer and sample generation.
2. Exclude doublets: Plot FSC-A (y-axis) and FSC-H (x-axis). Singlets appear as a diagonal of this plot. Gate on singlets.
3. Exclude dead cell: Plot FVS510 (viability stain) (x-axis) and FSC-A (y-axis). Dead cells will appear as positive events, thus gate on live
cells.
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NOTE: True negative cells will be visible in unstained controls. Thus, adjust this gate for each set of samples when running the
unstained controls prior to stained samples. Further gating depends on the antibody panel and cell type that is investigated. Gating
strategies for each panel used in this protocol can be found in Figure 1 and Figure 4, respectively.

Representative Results

Representative results from both the monocyte subset panel and T-cell subset panel are described below.

Figure 1 illustrates the hierarchical gating strategy for the monocyte subset panel on immune cells gathered from bone marrow of DMM treated
animals. The same strategy was used and verified in all other tissue types. When setting up the experiment, the Forward Scatter Area (FSC-A)
and Side Scatter Area (SSC-A) voltage was determined for each tissue type to identify monocytes/macrophages and exclude T-cells and debris
(G1). During each experiment, unstained controls of each tissue type were analyzed, and FSC-A and SSC-A voltage adjusted when necessary.
Voltages are expected to stay similar over time, if parameters change drastically a blockage of the cytometer is likely. Furthermore, unstained
controls were used to determine the true negatives for the dead/alive stain and gates were adjusted each time the experiment was conducted
accordingly (Figure 2A). When designing the experiment, fluorochromes should be chosen carefully, and normally surface markers with low
expression are paired with bright fluorochromes (e.g., here Alexa Fluor 647 was used for CD206). Various dead/alive stains exist that can be
detected by different wavelengths; here, FVS510 was used.

Figure 3 illustrates sample data from immune cells isolated from synovial tissues and stained with extracellular surface markers 6 weeks after

animals received either DMM or sham-control surgery. All subsets can easily be identified using the protocol both in study and control animals.

In particular, differences between groups can be seen for macrophage subsets (higher percentage of Ly-6C+/MHC-II- macrophages (G7) in the
DMM group) and the expression of M1 and M2 macrophages (higher percentage of M2 macrophages in the DMM group).

Figure 4 visualizes the hierarchical gating strategy for the extra- and intracellular T-cell panel on immune cells isolated from the spleen of DMM
treated animals. Principles are identical to the ones used for the monocyte panel. However, the fixing and permeabilization process changes

the size and density of cells. Thus, typical FSC and SSC parameters need to be determined using a back-gating process from CD3+ cells

when first setting up the experiment for each cell type. Some fluorochromes tend to aggregate over time (e.g., PE that was used with FoxP3
here). Aggregates can potentially modify the results due to the high brightness that influences the spectral-overlap and compensation. Thus, all
antibodies were vortexed and spun down each time prior to their use in order to decrease aggregates. Additionally, a gating strategy was used to
further reduce the influence of aggregates (G2). While setting up the experiments fluorescence minus one controls (FMOs) were performed for
each antibody. Sample data is shown in Figure 2B,2C.

Figure 5§ and Figure 6 show immune cells that were isolated from lymph nodes (Figure 5) and synovial tissue (Figure 6) and stained using the
T-cell panel protocol 4 weeks after animals received either DMM or sham-control surgery. The data shows a higher percentage of Th1 cells in
DMM animals (G9) in both tissues. Furthermore, intracellular staining for T-regulatory cells (G11) and Th17 cells (G12) is successful using the
protocol and differences can be detected between groups.
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Figure 1: Flow cytometry hierarchical gating strategy using extracellular staining to identify monocytes/macrophages and their
subsets. Myeloid cells are primarily identified using a forward/side scatter (FSC-A and SSC-A) dot plot (G1). Thereafter, singlets are detected
using FSC-A and FSC-H (G2) and afterwards live cells are selected (G3). Cells from G3 are further classified using Ly-6G to identify neutrophils
(G4) and CD11b for monocyte/macrophages (G5a). MHC-Il is used to identify dendritic cells (GSb) amongst CD11b positive cells and F4/80 is
used to select between macrophages (G6) and monocytes (G12). Macrophages are further classified into their subsets using Ly-6C and MHC-
Il (Ly-6C+/MHC-II- macrophages (G7); Ly-6C-/MHC-II- tissue resident macrophages (G8); Ly-6C-/MHC-II+ blood originated macrophages (G9)).
More subsets can be selected from the entirety of macrophages and its respective subsets using CD206 and CD80 (M1: CD80+/CD206- (G10);
M2: CD80-/CD206+ (G11)). Monocytes are further classified using MHC-Il and CD11¢ (MHC-II-/CD11¢c- monocytes (G13); MHC-II+/CD11¢c-
monocytes (G14)). The level of activation is then classified using the expression of Ly-6C and divided into low (G15), medium (G16) and high
(G17). Please click here to view a larger version of this figure.
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Figure 2: Sample data illustrating appropriate controls in both the monocyte and T-cell panel. (A) Synovial tissue was harvested 6 weeks
after either DMM-surgery (DMM) or sham-control-surgery (sham) and a single cell suspension was stained using extracellular surface markers.
During each experiment unstained cells were used to determine true negatives for the dead/alive stain and to set gates (Control). Setting of
gates using unstained cells is shown in panel A. (B+C) Spleen cells were harvested from untreated control animals, a single cell suspension
generated and stained using both extra- and intracellular markers. Fluorescents-minus-one (FMO) controls were generated by staining cells with
the entire antibody panel missing only one antibody. Sample data is shown for both intracellular antibodies. (B) FMO -RORgt and (C) FMO -Fox-
P3. FMOs were performed for both panels and used to set each gate. Please click here to view a larger version of this figure.
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Figure 3: Extracellul ining of monocytes/i phages isolated from the synovium of mice. Sample tissues were collected 6 weeks

after mice received either DMM-surgery (DMM) or sham-control-surgery (sham). Further information regarding the utilized gates can be found in
Figure 1. Sample data shows that all subsets can be reliably identified and differences can be seen between groups. Please click here to view a
larger version of this figure.
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Figure 4: Flow cytometry hierarchical gating strategy using both extra- and intracellular staining to identify T-cells and their subsets. T-
cells are primarily identified using a forward/side scatter (FSC-A and SSC-A) dot plot (G1). Due to the nature of the utilized antibodies
aggregates should be excluded using CD3 and CD4 (G2). Thereafter, singlets are detected using FSC-A and FSC-H (G3) and afterwards live
cells are selected (G4). Cells from G4 are further classified using NK1.1 to identify natural killer cells (G5) and CD3 to identify T-cells (G6). The
level of activation is determined using CD69 (G6b). Thereafter, CD4 and CD8 are used to identify T-killer cells (CD4-/CD8+ (G7)) and T-helper
cells (CD4+/CD8- (G8)). T-helper cells are classified into Th-1 (C-X-CR3+/CCR4- (G9)) and Th-2 cells (C-X-CR3-/CCR4+ (G10)) using C-X-
CR3 (CD183) and CCR4 (CD194). In addition, Th-17 cells (CD25+/RORgt+ (G11)) and T-regulatory cells (CD25+/Fox-P3+ (G12)) are identified
using intracellular markers. Furthermore, memory cell subsets are identified from T-helper cells using CD44 and CD62L (CD44-/CD62L+ naive T-
memory cells (G13); CD44+/CD62L+ central T-memory cells (G14); CD44+/CD62L- effector T-memory cells (G15)). Please click here to view a
larger version of this figure.
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Figure 5: Extracellular and intracellul. ining of T-cells isolated from draining lymph nodes of mice. Sample tissues were collected 4

weeks after mice received either DMM-surgery (DMM) or sham-control-surgery (sham). Further information regarding the utilized gates can be
found in Figure 4. Sample data shows that all subsets can be reliably identified and differences can be seen between groups. Please click here
to view a larger version of this figure.
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Figure 6: Extracellular and intracellular staining of T-cells isolated from synovial tissue of mice. Sample tissues were collected 4 weeks
after mice received either DMM-surgery (DMM) or sham-control-surgery (sham). Further information regarding the utilized gates can be found in
Figure 4. Sample data shows that all subsets can be reliably identified and differences can be seen between groups. Please click here to view a
larger version of this figure.

The methods described in this protocol have been designed and tested to reliably identify various subsets from both monocytes/macrophages
and T-cells within the murine spleen, bone marrow, lymph nodes, and synovial tissue in a murine model of osteoarthritis (OA). The current
protocol can easily be modified to investigate different tissue types, or other cell types by exchanging antibodies, and can be used for alternative
murine models of OA. When testing other tissue types, it is critical to test the specificity of each antibody as expression of surface markers of
immune cells vary in each tissue?. In addition, when exchanging antibodies, it is necessary to perform a dose titration curve to establish the
optimal concentration of antibody as well as repeating the compensation process to address changes in spectral overlap.

In the current protocol, OA was induced using the DMM mouse model'®. The most commonly used and established animal models are in

the mouse, because this species provides multifold advantages in investigating the pathophysiology of post-traumatic OA . In the mouse in
particular, surgical and non-surgical OA models have been described'”: the most common being destabilization of the medial meniscus (DMM),
surgical transection of the anterior cruciate ligament (ACLT) and non-surgical ACL rupture (ACLR), respectively21. All these animal models are
well suited for the investigation into the role of cellular inflammation in the pathology of post-traumatic OA and the current protocol has been
successfully tested for all previously mentioned animal models in the laboratory. Although all the above animal models are established and have
been described in the literature, each has its own strengths and limitations that have been discussed in detail elsewhere * and so are discussed
only briefly below. All surgical models are subject to the surgical approach, wound healing process and its associated inflammatory response.
When assessing the contribution of inflammatory cells to the development of post-traumatic OA, this inflammatory wound healing response
might serve as a confounder, especially during the early time points after the intervention. In addition, DMM and ACLT procedures need to be
conducted in a very standardized manner to minimize variability between animals. The ACLT surgery is much more difficult to learn than the
DMM surgery and requires a %reater surgical exposure than DMM to definitively identify and ensure injury only to the ACL and avoid iatrogenic
damage to other joint tissues °. Non-surgical ACL rupture is a standardized and very efficient way of inducing post-traumatic OA. However, a
specialized device that applies a controlled single compressive load to the tibia of the flexed knee is necessary. This device has to be calibrated
and tested in order to get comparable and reliable results. Additionally, the ACLR model induces very severe and progressive joint damage in
mice with marked erosion of the posterior medial tibial plateau22 that is not seen with ACL injury in other species including humans.

In order to comprehensively characterize the inflammatory process and its cellular component during development of OA, it is desirable to not
only investigate the synovial tissue but also the local lymph nodes as well as secondary lymphoid organs, such as the spleen and bone marrow.
Lymphatic drainage patterns of the knee joint have been characterized in mice and lymph fluid from the knee joint drains through both the iliac
and inguinal lymph node at a varying dispersion23'24. In order to facilitate comparability between animals, we decided in this protocol to pool the
inguinal and iliac lymph node. In contrast, while in close proximity to the knee, the popliteal lymph node drains the hindfoot and does not play a
role during inflammatory processes of the knee.

Mice have a small volume of intra-articular synovial tissues®® and isolation of the immune cells herein remains challenging. In the current
protocol, harvesting techniques for synovial tissues were adapted to allow isolation of the maximum number of immune cells. Therefore, the
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harvesting technique includes the supra- and infrapatellar recesses as well as the infrapatellar fad pad, due to its high number of immune cells®.
The digestion process and choice of enzyme was optimized to fully digest the synovial membrane and fatty tissue, while leaving the tendon, and
the patella and its cartilage unimpaired. Thus, the current protocol introduces a reproducible method of harvesting immune cells from synovial
tissue.

Flow cytometry analysis has multiple advantages when investigating cellular immune processes during the development of OA; nonetheless, this
technique has limitations. Due to the small number of immune cells in the synovial tissue, it is necessary to pool tissue samples from at least two
animals to obtain one sample. Due to the large number of fluorochromes and colors used in this protocol, special attention has to be paid to a
meticulous compensation of a possible spectral overlap for each tissue type and compensation needs to be re-evaluated consistently throughout
the use of this technique. Due to the large number of available markers and considerable variation among studies to identify a certain population,
another possible limitation is the choice of markers used to identify cells™. Flow cytometry allows quantification of “events”, which does not
necessarily coordinate to total cells. In order to obtain a truly quantitative analysis, one needs to either acquire counting beads concurrently when
running flow analysis or count cells in single cell suspensions beforehand to obtain absolute numbers (as done here). In general, the principles
of this protocol (e.g., how to design and set up a flow panel or techniques used to prepare single cell suspensions) could be potentially adapted
for human samples. However, surface markers of human immune cells differ from murine cells and therefore, appropriate antibodies need to

be selected and tested. In addition, duration of RBC lysis and appropriate volume of buffer needs to be determined as it is most likely different.
Prior to adapting methods from this protocol to other species or tissues meticulous testing of each step is necessary to ensure that methods are
working as intended.

Despite its limitations, flow cytometry analysis of immune cells remains a powerful technique that allows to identify both monocytic cell and T-cell
subsets at the single cell level. In particular, the current protocol introduces a reliable and reproducible technique that can identify and quantify
the cellular immune response during the development of OA in the synovial tissue and secondary lymphatic organs. In the future, this technique
may help to characterize the immune response in various osteoarthritis inducing animal models and hereafter evaluate the efficacy of immune
modulating drugs onto this debilitating disease.

In conclusion, this flow cytometry protocol describes a detailed and reproducible method to identify monocytes/macrophages and T cell subsets
using both extra- and intracellular staining assays within murine spleen, bone marrow, lymph nodes and synovial tissue utilizing an established
surgical osteoarthritis mouse model.

The authors have nothing to disclose.
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ARTICLE INFO SUMMARY
Artidle history: Objectives: Histological scoring remains the gold-standard for quantifying post-traumatic osteoarthritis (ptOA) in
Received 7 August 2022 animal models, allowing concurrent evaluation of numerous joint tissues. Available systems require scoring
Accepted 26 July 2023 multiple sections/joint making analysis laborious and expensive. We investigated if a single section allowed
equivalent quantitation of pathology in different joint tissues and disease stages, in three ptOA models.
gf{w‘"rﬁ' & Method: Male 10-12-week-old C57BL/6 mice underwent surgical medial-meniscal-destabilization, ante-
Isteoal ruas

rior-cruciate-ligament (ACL) transection, non-invasive-ACL-rupture, or served as sham-surgical, non-in-
vasive-ACL-strain, or naive/non-operated controls. Mice (n = 12/group) were harvested 1-, 4-, 8-, and 16-
week post-intervention. Serial sagittal toluidine-blue/fast-green stained sections of the medial-femoro-ti-
bial joint (n = 7/joint, 84 pm apart) underwent blinded scoring of 40 histology-outcomes. We evaluated
agreement between single-slide versus entire slide-set maximum or median scores (weighted-kappa), and
sensitivity/specificity of single-slide versus median/maximum to detect OA pathology.
Results: A single optimal mid-sagittal section showed excellent agreement with median (weighted-kappa 0.960)
and maximum (weighted-kappa 0.926) scores. Agreement for individual histology-outcomes was high with only
19/240 median and 15/240 maximum scores having a weighted-kappa <0.4, the majority of these (16/19 and 11/
15) in control groups. Statistically-significant histology-outcome differences between ptOA models and their
controls detected with the entire slide-set were reliably reproduced using a single slide (sensitivity > 93.15%,
specificity >93.10%). The majority of false-negatives with single-slide scoring were meniscal and subchondral
bone histology-outcomes (89%) and occurred in weeks 1-4 post-injury (84%).
Condlusion: A single mid-sagittal slide reduced the time needed to score diverse histopathological changes
by 87% without compromising the sensitivity or specificity of the analysis, across a variety of ptOA models
and time-points.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
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Introduction

Osteoarthritis (OA) is the most common joint disease,' and the
second highest cause for years lived with disability.” While various
joints can be affected, knee OA is particularly disabling accounting
for > 80% of total burden’. Post-traumatic OA (ptOA) accounts for
12% of all symptomatic cases and more in susceptible joints such as
the knee or ankle,® with knee injury in adolescents increasing OA-
risk up to sixfold.* Given the scale of individual and socioeconomic
cost and lack of effective treatments, there is a clear need for re-
search to improve understanding of ptOA cellular and molecular
pathophysiology to help define and develop novel and effective
therapeutic approaches. Clinical studies of knee injury require a
large initial sample size and decades of follow-up to account for
patient heterogeneity, variable risk, and slow disease progression.’
In contrast, highly reproducible animal models of knee-ptOA
allow longitudinal study of disease development from initiating
injury to late/end-stage pathology, making them indispensable re-
search tools.®

OA pathology has traditionally been characterised by marginal
osteophyte development and progressive degradation of articular
cartilage: in human patients typically through imaging (radiographs
and/or magnetic resonance imaging),” while in animal models his-
topathology remains the gold standard.®*“ In larger animal species,
histopathologic analysis is limited to isolated chondral or os-
teochondral samples from selected joint locations often focusing on
the most severe lesions.'” '? In smaller species evaluation of the
entire joint in a single section is possible, and depending on the OA-
model and sectioning plane, can simultaneously include affected and
unaffected compartments.'*~'® OA is now recognised as a joint-wide
disease with variable pathological change in all tissues including:
cartilage degradation, bone remodelling (sub-chondral sclerosis,
marginal osteophytes/enthesophytes), synovial/joint-capsule in-
flammation and fibrosis, and meniscal and ligament tears and de-
gradation. The ability to concurrently evaluate all these tissues in
histology sections, along with development of numerous re-
producible models and availability of genetically modified strains,
has made the mouse knee one of the most widely used to evaluate
factors influencing ptOA development and test therapeutic ap-
proaches.®'-?!

A variety of scoring systems have been developed for histo-
pathological evaluation of mouse knee OA.'#??-?° Despite con-
siderable differences in how and what to evaluate, a common theme
is the necessity/recommendation to score multiple sections to ac-
count for focal disease.?’ Translatability of pre-clinical research de-
pends on meticulous study design respecting both accurate sample
size calculations and appropriate control groups. This results in large
mouse numbers and even larger numbers of serial histological sec-
tions that need to be scored by a qualified researcher, requiring
considerable time and resources, and limiting research
throughput.®?® To address this, a recent study assessed applying two
different scoring systems to multiple or single sections in mice 8-
weeks following destabilization of the medial meniscus (DMM) or
sham surgery.”” They concluded that a single mid-coronal section
can define OA cartilage pathology severity with equal sensitivity to
summing pathology from multiple sections.

In line with recommendations to evaluate joint-wide pathology,
we have developed a semi-quantitative mouse-OA histopathology
scoring system that allows reproducible evaluation not only of car-
tilage but also osteophytes and enthesophytes, subchondral bone,
meniscus, synovium, and cruciate ligaments.”*?°~* In the current
study we used this grading scheme to score multiple sagittal sec-
tions in 3 different mouse models over 4 time-points spanning ptOA
development and severity. Thereafter, we used statistical analyses to
assess the agreement between scores derived from a single section

versus maximum and median scores from the entire slide-set, if this
single-slide technique allows reproducible identification of ptOA
histopathological changes in multiple joint tissues, and if this dif-
fered between models, joint tissues, or disease-stage.

Methods
Animals

The study was approved by the Northern Sydney Local Health
District Animal Ethics Committee. For all experiments 10-12-week-
old, male C57BL/6 mice were sourced housed, and cared for as
previously detailed,”®** in accordance with national guidelines.** A
total of 288 mice underwent induction of ptOA in the right knee via
DMM (n = 48), surgical anterior cruciate ligament transection (ACLT)
(n = 48), or non-invasive/mechanically-induced ACL rupture (ACLR)
(n = 48); or served as naive/non-operated controls (NOC) (n = 48),
SHAM surgery controls (n = 48), or non-OA inducing ACL-strain
(ACLS) controls (n = 48). Mice (n = 12/group; enabling differences of
25-60% in the different joint pathology parameters to be detected
using current serial-slide methodology using Kruskal-Wallis and/or
Mann-Whitney-U with > 85% power with alpha 0.05%%29-32-33.36.37),
were harvested 1-, 4-, 8-, and 16-weeks post-intervention (equiva-
lent ages for NOC). Animals were assigned to injury-group by
random allocation of cages (n = 2-5 mice/cage; all mice in a cage
were assigned the same injury-model/group and harvest time) but
ensuring experimental numbers (as defined above) were met. Ani-
mals in all injury groups were simultaneously active throughout the
study and were housed in the same room and cage-rack to minimise
confounding.

Histology

Sample harvest, fixation, decalcification, paraffin-embedding,
and staining were performed as described.”*?°* A standardised
sagittal-sectioning approach was based on a defined anatomical
starting point: femoral articular cartilage surface first evident and
anterior and posterior medial meniscal segments with a clear wedge
shape but still connected by a thin band of tissue (Fig. 1). Thereafter
slides were collected at 84 nm intervals, each with three 4 pm-thick
sections (allowing for redundancy but only a single score/slide for
any parameter was generated) and stained with Toluidine-blue/Fast-
green. The anatomical location of slides 1-7 spanning the medial
femoro-tibial joint width along with representative images for each
model are shown in Fig. 1. Intervening sections were either dis-
carded, or those from the central weight-bearing region in a ran-
domly selected subset of animals in each group collected and stored
for additional stains/immunohistochemistry (not presented in the
current study).

Scoring

Histopathological changes predominantly occur in the medial
femoro-tibial joint in the ptOA models evaluated in the current
study, therefore only histopathology on slides spanning this com-
partment was scored. Slides were coded to blind the scorer (PH) to
injury group and time-point (which were randomised), but all slides
from a single mouse were scored together and section depth (i.e.
slide #1-7) was not concealed. Clustering individual animal slides
reduced potential bias from slides being scored at different times.
This was critical in the present study where within-animal slide
scoring was the primary comparison (between-model/time com-
parisons controlled by randomisation over the ~7 week scoring
time-course). The scoring system evaluates five tissue/pathology
domains (1-cartilage and subchondral bone; 2-osteophytes and
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A) The approximate position of the individual slides (1-7) is demonstrated on a mid-coronal histology section of the medial mouse femorotibial
joint (top) and a macroscopic view of a sheep medial tibial plateau with meniscus (bottom). B) Representative histology images for each animal
model and each slide (1-7) from mice harvested 1-week after ptOA induction and their respective controls. All images are oriented with left being

anterior and the top being proximal.

enthesophytes; 3-meniscus; 4-synovium/joint-capsule; 5-cruciate
ligaments) each with several tissue/cell-specific histological-para-
meters (Supplementary information).>*>?°>* Domains 4 and 5 were
not included in the current study: synovitis is already scored on a
single section as changes are relatively uniform at all sectioning
depths across the medial femoro-tibial joint>*>?; cruciate ligament
changes are also scored on a single section and are not included in
routine medial femorotibial ptOA evaluation as they require addi-
tional sections.’® For the 3 other domains, maximum (most-severe/
worst lesion/score in any of the 7 sections) and median scores from
all 7 sections were generated for 40 histological-parameters (3 car-
tilage outcomes in femur and tibia; 4 subchondral bone outcomes in
tibia; 3 meniscal outcomes in anterior and posterior segments; 3
osteophyte and 3 enthesophyte outcomes in anterior and posterior
femur and tibia: see Supplementary information).

Statistics

Agreement between scores generated using a single slide versus
the maximum or median score from multiple slides was performed
for each histological-outcome separately within each ptOA model. As
histological-parameters were categorical, weighted-kappa analysis
was used to estimate agreement: > 0.8 considered “almost perfect”,
0.61-0.80 “substantial”, 0.41- 0.60 “moderate”, and <0.4 as "para-
meters of concern” (POC).** Non-parametric analyses (Kruskal-
Wallis and Mann-Whitney-U) were used to investigate differences
between ptOA models and their controls (DMM vs Sham, ACLT vs
Sham, ACLR vs ACLS) for all histological-outcomes at each time-
point. Statistically significant differences (p < 0.05) detected using
standard median or maximum scores from the entire slide-set were
defined as the “ground truth”. These differences were compared
with those detected using slide-5 to determine the sensitivity and
specificity of single-slide scoring. The individual histology-outcomes
within a joint were considered as independent variables, as prior
analysis demonstrates they change differentially and with distinct
temporal patterns in different OA models, and are independently
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modified in response to treatment/genetic-modification.”® %% As

an exploratory post-hoc analysis, all p-values in the current study
were interpreted with no adjustment for multiple testing, with a set
at 0.05. All statistical calculations were performed with R version
4.0.3* applying the tidyr,*' dplyr,*> and pROC* packages; psych**
was utilised to estimate kappa including a penalty function of
quadratic weights; Figures were created using ggplot2.*°

Results

All animals completed the study, with no adverse events, and no
animals were excluded from the analysis. The three ptOA models
(DMM, ACLT, ACLR) induced expected ptOA pathology including
cartilage proteoglycan loss, cartilage structural damage/erosion,
subchondral bone sclerosis, and marginal osteophytes/en-
thesophytes, with little or no structural OA pathology in controls
(Fig. 2). The severity of pathology at a given time-point differed
between models (DMM < ACLT/ACLR) but increased with time in all
models (not shown).

Agreement between scores derived from a single slide versus the set of
slides

The optimal single-slide for scoring was identified by calculating
for each slide (1-7) the agreement (weighted-kappa) between the
median or maximum scores from the entire slide-set with all time-
points, groups and histological-outcomes pooled (Table 1), as well as
each histological-outcome separately (to assess for bias associated
with differing histopathology-outcome scoring scales (0-3 up to
0-12); Supplementary Table 1). All slides showed almost perfect
agreement with pooled-sample weighted-kappas > 0.85 regardless of
maximum or median comparator (Table |). The lowest values were in
sections towards the joint margin (slide 1 maximum weighted-kappa
0.856; median weighted-kappa 0.869) while the best agreement was
in slides closer to the intercondylar notch (maximum: slide-7,
weighted-kappa 0.928; median: slide-6, weighted-kappa 0.966).
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Representative images of slide-5 mid-sagittal sections from all
groups/models demonstrating typical pathology at 4 weeks after
destabilization of the medial meniscus (DMM), anterior cruciate li-
gament transection (ACLT) and mechanical ACL rupture (ACLR),
compared with little or no structural abnormalities in non-operated
controls (NOC), sham-operated controls (SHAM) or ACL strain
(ACLS). Scale bar = 500 micro-metre. Slides stained with toluidine-
blue and fast-green. Green arrow heads indicate areas of cartilage
proteoglycan loss or structural damage (full-thickness osteo-chon-
dral erosion in ACLT and ACLR); red arrow indicate marginal os-
teophyte or enthesophyte formation; red asterisks indicate areas of
subchondral and epiphyseal bone sclerosis; orange arrows indicate
regions of anterior meniscal marginal ossification.

Slide Kappa-Value K Parameters >0.80  Percentage of

[-95%,+95%] agreement parameters
scorable

Maximum

Slide 1 0.856 [0.779,092] 27 68.0
Slide 2 0.857 [0.781,0922] 27 76.0
Slide 3 0.913 [0.874,0.947] 33 834
Slide 4 0.921 [0.891,0.948] 34 88.6
Slide 5 0.926 [0.898,0.953] 34 873
Slide 6 0.922 [0.887,0.955] 34 56.9
Slide 7 0.928 [0.876,0.978] 34 235
Median

Slide 1 0.869 [0.801,0931] 28 67.9
Slide 2 0.886 [0.818,0.946] 29 76.0
Slide 3  0.953 [0.926,0.98] 36 834
Slide 4 0.955[0.934,0975] 37 88.5
Slide 5 0.96 [0.939,0.98] 39 872
Slide 6 0.966 [0.945,0.985] 38 56.9
Slide 7 0.954 [0.908,0.992] 39 235

Al
Table | Osteoarthritisand Cartilage

Weighted kappa analysis of each slide in comparison to the

Slides with the most individual histological-outcome weighted-
kappa’s > 0.8 (Supplementary Table 1) were also toward the inter-
condylar notch (maximum: 34/40 slides 4-7; median: 38-39/40
slides 5-7; Table 1). However, there was a marked decrease in the
number of histological-outcomes that could be scored in slides 6 and
7 (Table 1), as topographically-distributed anatomic features were no
longer present/scorable in all animals (notably anterior and posterior
meniscus; Fig. 1). Slide-5 having the highest pooled- and individual-
parameter agreement for both maximum and median after slide-6

and -7 while enabling scoring of all histological-outcomes in the
majority of mice (Table 1), was selected as optimum for further ana-

lysis.

Agreement of individual histological-outcomes stratified by
experimental group

We compared scores derived from slide-5 with individual histo-
logical-outcome median and maximum scores from the entire set of
slides (all time-points within each model). Weighted-kappa agree-
ment was high regardless of the histological-outcome or comparator
(81% > 0.8, 8% 0.61-0.8). Only 19 of the 240 comparisons were
identified as POCs (weighted-kappa < 0.4) for slide-5 versus the
median (Table II). POCs were observed in cartilage, subchondral
bone, meniscus, and enthesophyte outcomes, with the majority
(84.2%, 16/19) in control groups (NOC 6, SHAM 5, ACLS 5). In ptOA
mice only tibial subchondral bone sclerosis in ACLR, and anterior
meniscal proteoglycan loss in DMM had poor agreement. Similarly,
only 15 of the 240 comparisons between slide-5 and maximum
scores were identified as POCs (Table Il). Again most (73.3%, 11/15)
POCs were in control groups (NOC 4, SHAM 3, ACLS 4) and included
cartilage, subchondral bone, and meniscal outcomes, while POCs in
ptOA mice were restricted to anterior and posterior meniscal pro-
teoglycan loss and damage in DMM and/or ACLR. Agreement of all
available histological-outcomes in all animals at all time-points were
visualised using scatter plots (Fig. 3). Agreement between slide-5
and both maximum and median scores were all excellent (weighted-
kappa 0.81-0.99). Control groups displayed mild pathologies (low
scores) in some animals: primarily superficial cartilage roughening
and proteoglycan loss, mild subchondral bone sclerosis, meniscal
bone formation, and superficial proteoglycan loss. Minor variations
in the context of overall low scores in controls resulted in lower
weighted-kappas compared with ptOA groups. Within ptOA models,
histopathology-scores were lower in DMM compared with ACLT and
ACLR, and again this was associated with reduced weighted-kappa
particularly slide-5 versus maximum. The weighted-kappa agree-
ments using slide-5 were equal-to or better than those for maximum
versus median score from the full slide-set.

Inter-group detection of ptOA histopathology

We investigated if statistically significant differences between
ptOA models and their controls (DMM vs Sham, ACLT vs Sham, ACLR
vs ACLS) at different time-points were still detected using the single
slide-5 approach (Table 11I). The majority of differences could be
reliably reproduced, with sensitivity ranging from 93.15% (ACLT vs
Sham maximum) to 98.19% (DMM vs Sham maximum). Specificity
showed a similar range (93.10% in ACLT vs Sham maximum to 98.75%
in ACLR vs ACLS median), indicating few “false-positives” using
slide-5. Sensitivity and specificity using slide-5 were very similar
(equal-to or better for 4/6 outcomes) to those using maximum score
versus median score from the entire slide-set (Supplementary
Table ).

The majority of statistically significant histology-outcome dif-
ferences lost (“false-negatives”) using slide-5 involved the meniscus
(12/19) or subchondral bone (5/19), and all false-positive differences
were meniscal (11/18) or subchondral bone (7/18) histology-out-
comes (Table V). There was no clear difference between models in
terms of the number of false-negatives or false-positives, or in the
histology-outcomes affected. Failure to detect differences using
slide-5 did not appear to be driven by effect-size (10-40% depending
on the individual histology-outcome) which had a similar range to
those detected as statistically significant using maximum or median
from the entire slide set range, with 5/19 incongruously larger with
slide-5. Similarly, 13/18 false-positive differences (12.5-50% effect
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Median Maximum
POC Animal Model Kappa-Value K POC Animal Model Kappa-Value K [-95%+95%]
[-95%,+95%]
Osteochondral Damage
Proteoglycan Loss Tibia SHAM 0257 [-1,1] Proteoglycan Loss Tibia SHAM 025[-1,1]
Cartilage Damage Femur NOC 0.221[-1,1] Subchondral Bone Vascular NOC 0.208 [-1,1]
SHAM 0371 [-1,1] Invasion Tibia SHAM 0362 [-1,1]
ACLS 0179 [-1,1] ACLS 0389 [-1,1]
Cartilage Damage Tibia NOC 0.107 [-1,1] Subchondral Bone Sclerosis Tibia ACLS 0333 [-1,1]
SHAM 0189 [-1,1]
ACLS 0235[-1,1]
Subchondral Bone Vascular Invasion NOC 0[-1,1]
Tibia SHAM 0[-1,1]
ACLS -0.036 [-1, 1]
Subchondral Bone Sclerosis Tibia ACLR 0345[-1,1]
Meniscal Pathology
Anterior Damage NOC 0[-1,1] Anterior Damage NOC 0[-1,1]
DMM 0.008 [-1, 1] DMM 0.011 [-1,1]
Anterior Proteoglycan Loss NOC 0.376 [-0.404, 0.853] Anterior Proteoglycan Loss NOC 0.245 [0.244, 0.244]
DMM 0224[-1,1] DMM 0.253 [-0.209,0.715]
ACLS 0213 [-1, 1] ACLS 0.196 [-0.539,0.752]
Posterior Damage NOC 0[-1,1] Bone Formation Anterior NOC 0[-1,1]
ACLS 0[-1,1] Posterior Damage DMM 025[-1,1]
SHAM 0[-1,1]
Posterior Proteoglycan Loss ACLR 0.256 [-1, 1]
ACLS 0343 [-1,1]
Osteophyte/Enthesophye Pathology
Posterior Tibial Enthesophye SHAM 0.267 [-1,1]

Severity

"]
Table Il Osteoarthritisand Cartilage

POC (Kappa <0.4) with single slide-scoring.

size) were smaller with slide-5 than with maximum/median. Most of
the false-negative histology-outcomes using single slide-5 scoring
were in early (16/19 wk-1 or -4) rather than late (wk-8 or -16) post-
injury time-points, while false-positives were relatively evenly split
between early and late times (7/18 and 11/18, respectively). The
same patterns were seen with “false-negatives” and “false-positives”
when using maximum versus median scores from the full slide set
(Supplementary Table 3): all were meniscal or subchondral bone
histology-outcomes, unrelated to effect size (14/19 larger/smaller
with maximum), and 12/19 in early time-points.

Discussion

Animal models remain a cornerstone of discovery- and ther-
apeutic-development-research across medical disciplines and dis-
eases, with OA being no exception.”?”* In OA animal-model-based
research, histopathology is the gold-standard for assessing structural
disease. This is an exacting and time-consuming process, particularly
with the current recommendations and widely accepted best-prac-
tice regarding evaluation of multiple serial sections in mouse OA
models.'*??~?° Reducing the technical-, time- and personnel-burden
of mouse OA-model histopathological evaluation without compro-
mising the validity and reproducibility of findings would be of sig-
nificant benefit to the field. In this regard, a recent study
demonstrated that grading of a single mid-coronal section using
either of two published histopathology schemes allowed equivalent
definition of ptOA cartilage pathology severity to that determined by
summing multiple sections in mice 8 weeks post-DMM.”” However,
within a “single disease phenotype” such as knee-ptOA there is
considerable heterogeneity in injury type/mechanism, topographical
distribution and severity of macroscopic/microscopic changes, and
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disease progression. With no single “optimal” ptOA model, re-
searchers need to select that/those most appropriate for their spe-
cific research question and target patient population.® In the current
study we have for the first time demonstrated that grading of a
single rather than multiple serial sections can reliably detect ptOA-
related changes in three of the most widely used ptOA mouse
models: DMM, ACLT, and ACLR. Importantly, we show that this op-
timised histology evaluation was possible at multiple time-points
representing acute-injury, early-, progressive- and late-stage disease
in all models. Moreover, using a scoring system that evaluates joint-
wide pathology,”*?°>* we showed that single-slide analysis was
applicable not only for cartilage erosion (confirming previous find-
ings®’) but also other aspects of cartilage pathology (proteoglycan
loss, chondrocyte hypertrophy), subchondral bone remodelling, os-
teophyte/enthesophyte development, and meniscal pathology.

In the current study we used sagittal as opposed to the coronal
sections evaluated by Armstrong et al,”’ suggesting that single-slide
ptOA histopathology optimisation is applicable to both sectioning
approaches. In the Armstrong study a single section in the central
load-bearing region of the joint was manually selected using histo-
logical landmarks, necessitating serial sectioning and staining to
then enable identification of the optimal slide for scoring. We em-
ployed a consistent protocol for cutting and collecting sections based
on a starting point defined by distinct anatomical landmarks visible
in unstained sections, and standardised spacing between collected
samples. This allowed us to determine whether mouse knee ptOA
histopathology optimisation could potentially include not just
scoring but also cutting and staining of a single section. Comparison
of agreement derived from slides 1-7 to the median and maximum
values from the entire serial slide set, identified slide-5 as the best-
performing single slide. Slide-5 is mid-sagittal (Fig. 1), confirming
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Scatterplots showing the agreement of scores derived from slide-5 with maximum values (A) and median scores (B) from the entire set of slides
per type of injury. Agreement of maximum and median scores both derived from the entire set of slides are shown in (C). The weighted kappa
(wk) and range of the 95% confidence interval (square brackets) is noted for each. Each dot represents the score for one of 40 histological-
outcomes from an individual animal. All dots were plotted with a 0.5 jitter to allow visualisation of all data points. The large number of overlapping
individual observations with complete score agreement will appear as boxes as data points are distributed across a range of + 0.5 of the actual

integer points (e.g. 0/0, 1/1 etc).

that the central load-bearing region of the medial-femoro-tibial joint
is the optimal location for analysis in all three ptOA models eval-
uated in this study.

The uniform performance of the same single sagittal slide (#5) across
ptOA models may not be true for coronal sections, which may require
manual slide selection to capture the more anterior versus posterior
lesion locations in DMM versus ACLT and ACLR, and potentially multiple
slides to capture tibial and femoral pathology due to the marked pos-
terior femoral subluxation in ACL models (Fig. 2).5*"%734% Nevertheless,
disparity across the width of the medial-femoro-tibial joint in anato-
mical presence of and/or pathology localisation in specific tissues, likely
explains variation in weighted-kappa and % of histological-outcomes
that could be scored in sagittal-slides 1-7. The meniscal poles, the pre-
ferential bone formation location in mouse OA,” are visualised in slides
closer to the intercondylar notch, while meniscal proteoglycan loss and
structural damage are more prominent in the mid-body visualised in
sagittal sections of the centre of the medial-femoro-tibial compartment

(Fig. 1). Given the topographically-distinct anatomy of the meniscus,
researchers interested in histopathology of this tissue during onset and
progression of ptOA should score multiple sagittal slides (e.g. 4, 5 and 6)
across the joint width. Focal localisation of ptOA subchondral bone pa-
thology towards the intercondylar region particularly in early ptOA, also
accounted for the somewhat poorer performance of slide-5 in re-
producing differences in this histology-outcome detected using the en-
tire slide-set. Again, this issue could be overcome by scoring additional
slides (e.g. 6 and 7). Despite different effects on joint mechanics and
more rapid and severe disease in ACLT/ACLR than DMM, %7742 hjs-
tology-outcome differences no longer detected using single-slide scoring
(be that slide-5 or maximum score from the entire slide set) were pre-
dominantly seen early post-injury and were almost exclusively meniscal
and subchondral bone in all models. This suggests a limited effect of
ptOA model on the sagittal distribution of OA pathology, and
that changes early in the disease course are more focal in all models.
Sagittal pathological feature distribution and focal disease contribute to

ACLR vs. ACLS
Based on Median
Statistical Difference (80) No Statistical Difference (80) Sensitivity Specificity
Based on Slide 5 Statistical Difference: Slide 5 76 1 95.00% 98.75%
No Statistical Difference: Slide 5 4 79
Based on Maximum
Statistical Difference (78) No Statistical Difference (82) Sensitivity Specificity
Based on Slide 5 Statistical Difference: Slide 5 76 2 97.44% 97.56%
No Statistical Difference: Slide 5 2 80
ACLT vs. SHAM
Based on Median
Statistical Difference (78) No Statistical Difference (82) Sensitivity Specificity
Based on Slide 5 Statistical Difference: Slide 5 74 2 94.87% 97.56%
No Statistical Difference: Slide 5 4 80
Based on Maximum
Statistical Difference (73) No Statistical Difference (87) Sensitivity Specificity
Based on Slide 5 Statistical Difference: Slide 5 68 6 93.15% 93.10%
No Statistical Difference: Slide 5 S 81
DMM vs. SHAM
Based on Median
Statistical Difference (56) No Statistical Difference (104) Sensitivity Specificity
Based on Slide 5 Statistical Difference: Slide 5 53 4 94.64% 96.15%
No Statistical Difference: Slide 5 3 100
Based on Maximum
Statistical Difference (54) No Statistical Difference (106) Sensitivity Specificity
Based on Slide 5 Statistical Difference: Slide 5 53 3 98.15% 97.17%
No Statistical Difference: Slide 5 1 103

Table Il Ogeoarth ritis and Cartilage

Evaluation of test characteristics using a single slide compared to the median or maximum.
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False Negative: False Positive:

Parameter Time Parameter Time

ACLR vs. ACLS

Slide 5 vs. Median

Subchondral Bone Sclerosis Tibia wk 4 Subchondral Bone Sclerosis Tibia wk 8

Subchondral Bone Vascular Invasion Tibia wk 4

Anterior Meniscal Proteoglycan Loss wk 4

Anterior Meniscal Proteoglycan Loss wk 16

Slide 5 vs. Maximum

Posterior Meniscal Proteoglycan Loss wk 1 Subchondral Bone Vascular Invasion Tibia wk 1

Anterior Meniscal Proteoglycan Loss wk 4 Subchondral Bone Sclerosis Tibia wk 8

ACLT vs. SHAM

Slide 5 vs. Median

Proteoglycan Loss Femoral Cartilage wk 4 Posterior Meniscal Damage wk 1

Subchondral Bone Sclerosis Tibia wk 4 Bone Formation Posterior Meniscal wk 16

Bone Formation Posterior Meniscal wk 4

Posterior Meniscal Proteoglycan Loss wk 8

Slide 5 vs. Maximum

Proteoglycan Loss Femoral Cartilage wk 4 Subchondral Bone Sclerosis Tibia wk 1

Subchondral Bone Sclerosis Tibia wk 4 Anterior Meniscal Proteoglycan Loss wk 4

Posterior Meniscal Proteoglycan Loss wk 4 Subchondral Bone Vascular Invasion Tibia wk 8

Bone Formation Posterior Meniscal wk 4 Anterior Meniscal Proteoglycan Loss wk 8

Posterior Meniscal Proteoglycan Loss wk 8 Bone Formation Posterior Meniscal wk 16
Posterior Meniscal Damage wk 16

DMM vs. SHAM

Slide 5 vs. Median

Subchondral Bone Vascular Invasion Tibia wk 1 Subchondral Bone Sclerosis Tibia wk 4

Bone Formation Posterior Meniscal wk 1 Anterior Meniscal Damage wk 4

Bone Formation Posterior Meniscal wk 4 Anterior Meniscal Damage wk 8
Posterior Meniscal Proteoglycan Loss wk 16

Slide 5 vs. Maximum

Anterior Meniscal Proteoglycan Loss wk 4 Subchondral Bone Sclerosis Tibia wk 4
Anterior Meniscal Proteoglycan Loss wk 16
Posterior Meniscal Proteoglycan Loss wk 16

Table IV O;{eoarth ritisand Cartilage

False discoveries using a single slide compared to the entire set of slides.

increased score variability when using a single slide, which appears to be
more important than the effect-size in being able to detect statistically
significant differences.

It is noteworthy that use of a single mid-sagittal slide performed
better in ptOA than control joints (NOC/SHAM/ACLS). There was little
difference between the three controls confirming lack of induced medial
femoro-tibial OA-like pathology in SHAM and ACLS. While all three
controls had low overall pathology, they had more POCs than the ptOA
groups when comparing scores generated with slide-5 versus the
complete set. The POC histology-outcomes in controls were superficial
cartilage roughening and proteoglycan loss, mild subchondral bone
sclerosis, and meniscal bone formation and superficial proteoglycan loss
in some animals. The low-level histo-pathological features in these tis-
sues in normal joints were more toward the intercondylar notch than
the pathology induced by the joint injury models, which concentrate in
the central load-bearing region. A single mid-coronal section may better
enable detection of these normal histopathological features with dis-
persion across the medial compartment width, although visualisation of
meniscal poles would still require multiple coronal sections.
Simultaneous evaluation of pathology in medial and lateral femoro-tibial
compartments is possible with a single mid-coronal slide, while re-
quiring additional sagittal sectioning. This may be an important con-
sideration in conditions where lateral femoro-tibial pathology is a
feature such as spontaneous age-associated OA in male C57BL6 mice”’
and the ACLS model.**

Optimising histopathology scoring of mouse OA models could have
considerable benefit for the field. Experienced and trained researchers

(PH, CBL) require ~4 min on average to complete joint-wide scoring of a
single slide. With a total of 288 animals or 2016 slides, the scoring time
in the present study accumulates to >134 h. Work health and safety
recommendations in our facility restrict microscope use to no more than
4h per day, thus ~34 workdays were needed to complete scoring. The
single slide scoring system would reduce the time needed by 85.7% (~5
workdays). This is a dramatic improvement in research throughput and
productivity, and with the average salary for an experienced post-doc-
toral researcher in Australia being $93,422/annum ($47.91/hour based on
a 37.5-hour work-week), this would equate to a saving of ~$5500 for the
current study. Newer technologies enable scoring of digitised sections
rather than slides. While this does not alter the time taken to score each
section, it may allow for more sections to be scored in a single day.
However, this is offset by the time and cost for slide scanning, data
transfer, and storage: using our Nanozoomer-S210 (Hamamatsu Inc)
~6h/200 slides. Our data demonstrate the potential for even further
research productivity gain and workforce/financial savings through
limiting sectioning and staining to a single mid-sagittal slide. This is only
possible with highly reproducible embedding and sectioning metho-
dology and establishing a consistent starting point based on easily
identifiable anatomical landmarks. This could be affected by variable
joint size and thus mouse age, strain, and sex, as well as injury-model or
other factors that significantly alter anatomy/morphology (e.g. growth
deformity in genetically modified mice). Researchers should optimise
the sectioning technique relevant to their particular experimental mice/
conditions to ensure reproducible slide-number and joint-location
alignment and/or consider a modified approach where 3 sections
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guaranteed to span the central weight-bearing region (slide 4, 5, and 6 in
our method; Fig. 1) are cut and stained, before selecting and scoring a
single mid-sagittal slide. This 3-slide approach would also allow capture
of meniscal and subchondral bone histopathological features that have
topographic and/or early disease-stage dispersity e.g. score meniscal
pathology in all 3 slides and use maximum recorded value.

The current study strongly supports the utility of single sagittal
slide histopathology scoring for mouse ptOA but is not without
limitations. We used detection of statistically significant differences
between ptOA models and their controls to evaluate the sensitivity/
specificity of the single-slide approach. While researchers use
scoring systems to quantify pathology and differences in these with
e.g. time or treatment, the effects size and biological significance/
importance of changes must be considered along with any statistical
significance. Nevertheless, confidence that the optimised single-
slide method will detect expected differences is important for its
uptake and comparing future studies using a single-slide with pre-
viously published outcomes generated with current multi-slide
maximum/median approaches. While shown to work in three of the
most common ptOA models, the single-slide system may require
modification in OA models that have distinct pathology distribution
e.g. ACLS and ageing-OA as noted earlier. Researchers must be cog-
nisant of topographic distribution of maximal joint pathology in the
particular model they are using, which can vary with even subtle
differences in induction/injury mechanism.®'”“° Further research is
necessary before establishing use of this system in females, and mice
of different strains and ages, which could drive topographic varia-
bility in pathology localisation. Finally, particular pathological fea-
tures may be less amenable to a single sagittal- or coronal-slide
approach: our data highlights limitations when assessing OA me-
niscal changes, and researchers should validate the method for
evaluating any pathologies not scored in our histopathology system.

Conclusion

While expansion in histopathology scoring to assess multiple
joint tissues has advanced our understanding of joint-wide pa-
thology and pathophysiology, the time needed to score many para-
meters on numerous serial sections (40 outcomes on each of 7 slides
in our system) is a limiting factor in their widespread adoption. We
show that using a single consistent mid-sagittal slide dramatically
reduced the time needed to score diverse histopathological changes
without compromising sensitivity or specificity, making it a fast,
reliable, and detailed outcome assessment of joint-wide OA, across a
variety of ptOA models and time-points within these.
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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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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 Thl [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-/ibitum 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)
naive 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,
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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 a-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 Thl) 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 Thl17/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
(Ly6Cheh) 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 Ly6Chie" 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, Ly6C"#" 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). Ly6Chieh
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=F4/80, STRM=F4/80""), 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 Ly6Ch#" 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 Ly6Chieh
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 Ly6Che" 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 Ly6Ch¢" 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 Thl17/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 Ly6C"€" 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 Ly6Ch#" monocytes in bone-
marrow day-1-14 (p<0.001 vs controls) with the exception of DMM at day-3. While bone-
marrow Ly6C"eh 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 Ly6Ch#" monocytes was seen in the spleen, with surgery alone inducing a significant short-
lived decrease in Ly6C"e" monocytes (day-1-3 SHAM<NOC p<0.0001) whereas a more
distinct and longer depletion of Ly6C"#" monocytes was observed after ptOA inducing injury
(Fig. 5B), and DMM significantly increasing Ly6C"e" 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 Ml
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 Thl-
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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 Thl
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 Thl 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 Thl-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 Thl 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 Thl phenotype, but the latter can be modulated by different co-stimulatory agents, and

87



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 Thland 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
Ly6Cheh 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 Ly6Che" monocytes after 2-
4 weeks with persistent synovial elevation suggests a ptOA-induced increase in their generation
in bone-marrow and spleen. Increased Ly6Che" 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 Ly6Ch#" 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 Ly6C"e" 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 MI1/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 Thl 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 Th1l 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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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 500um. 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 Ly6Che" 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 Ly6Ch#" 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 2:
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Supplementary Figure 1:

Hierarchical Gating Strategy T-Cell Panel
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ntary Figure 2:

Hierarchical Gating Strategy Myeloid Panel
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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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Supplementary Table 1: Used Antibodies for Flow Cytometry

i ol Savoent | Vanutctre | v e [conment oesrption

Fixable Viability Stain 510 100ug T-Cell Panel
Ms CD3e APC-Cy7 145-2C11 100ug BD 557596 T-Cell Panel
Ms CD8a BV786 53-6.7 S0ug BD 563332 T-Cell Panel
Ms CD4 PE-Cy7 RM4-5 100ug BD 552775 T-Cell Panel
Ms NK1.1 BV650 PK136 50ug BD 564143 T-Cell Panel
Ms CD25 BV6E0S PC61 S0ug BD 563061 T-Cell Panel
Ms CD183 BB700 CXCR3-173 S0ug BD 742274 T-Cell Panel
Ms Foxp3 PE MF23 100ug BD 560408 T-Cell Panel
Ms ROR Gamma T BV421 Q31-378 S0ug BD 562894 T-Cell Panel
APC anti-mouse (D194 (CCR4) Biolegend 131212 T-Cell Panel
Fixable Viability Stain 510 100ug BD 564406 Monocyte Panel
Ms F4/80 BV421 T45-2342 50ug BD 565411 Monocyte Panel
Ms CD80 BV650 16-10A1 S0ug BD 563687 Monocyte Panel
Ms I-A I-E BV711 M5/114.15.2 50ug BD 563414 Monocyte Panel
Ms Ly-6G APC-Cy7 1A8 S0ug BD 560600 Monocyte Panel
Ms CD11C PE-CF5594 HL3 100ug BD 562454 Monocyte Panel
Ms Ly-6C PE-Cy7 AL-21 S0ug BD 560593 Monocyte Panel
Ms CD206 Alexa 647 MR5D3 25ug BD 565250 Monocyte Panel
Ms CD11b APC-R700 M1/70 100ug BD 564985 Monocyte Panel
Brilliant Stain Buffer Plus 1000Tst BD 566385 Buffers
ranscription Factor Buffer Set 100Tst BD 562574 Buffers
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Suiilementai Table 2: Detailed Halues for Fiiure 1

Total Cartilage Damage (A)

>0.9999 0.233 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999

3 >0.9999 >0.9999 0.0002 0.0063 >0.9999 >0.9999 0.0233 >0.9999 0.0815
7 >0.9999 >0.9999 >0.9999 0.001 0.2806 >0.9999 >0.9999 0.4986 0.0039
14 >0.9999 >0.9999 0.0019 0.0106 >0.9999 >0.9999 0.002 >0.9999 00138
28 >0.9999 0.0289 >0.9999 0.0561 0.0007 >0.9999 <0.0001 0.0002 00204
42 >0.9999 >0.9999 0.0014 0.0011 0.6282 >0.9999 0.0012 >0.9999 0.0022
56 >0.9999 >0.9999 05112 <0.0001 0.0001 >0.9999 0.0693 0.0032 0.0026
70 0.0003 0.8989 <0.0001 0.0009 >0.9999 >0.9999 0.4404 >0.9999 0.0014

Total Osteochondral Damage (B)
1 >0.9999 0513 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
3 >0.9999 >0.9999 0.0002 0.0063 >0.9999 >0.9999 0.0234 >0.9999 0.0816
7 >0.9999 >0.9999 >0.9999 0.0011 02828 >0.9999 >0.9999 0.5025 0.0039
14 >0.9999 >0.9999 0.0019 0.0122 >0.9999 >0.9999 0.0024 >0.9999 0.0159
28 >0.9999 0.0289 >0.9999 0.0369 0.0004 >0.9999 <0.0001 0.0002 0.0259
42 >0.9999 >0.9999 0.0014 0.0016 0.7896 >0.9999 0.0012 >0.9999 0.0022
56 >0.9999 >0.9999 05112 0.0001 0.0001 >0.9999 0.0543 0.0024 0.0019
70 0.0003 0.8989 <0.0001 0.0006 >0.9999 >0.9999 0.3597 >0.9999 0.001
Total osteo- and enthesophyte development (C)

N/A N/A >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999

3 N/A N/A >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
7 N/A N/A >0.9999 0.0446 >0.9999 >0.9999 0.1072 >0.9999 0.1417
14 N/A N/A 0.1598 0.0012 0.7516 >0.9999 0.0007 >0.9999 0.0008
28 N/A N/A >0.9999 <0.0001 0.0014 >0.9999 0.0001 0.0121 0.0002
42 N/A N/A <0.0001 0.0001 >0.9999 >0.9999 <0.0001 0.806 <0.0001
56 N/A N/A 0.0002 <0.0001 >0.9999 >0.9999 0.0006 >0.9999 0.0006
70 N/A N/A <0.0001 <0.0001 >0.9999 >0.9999 <0.0001 >0.9999 <0.0001

Subchondral bone sclerosis (D)

>0.9999 >0.9999 0.1509 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999

3 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 0.1716 >0.9999 0.2536
7 >0.9999 >0.9999 0.2853 0.103 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
14 0.062 >0.9999 0.0659 >0.9999 0.5664 >0.9999 >0.9999 >0.9999 0.8583
28 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
42 >0.9999 >0.9999 00213 >0.9999 0.0079 >0.9999 >0.9999 0.0614 >0.9999
56 >0.9999 >0.9999 >0.9999 >0.9999 0.0586 >0.9999 >0.9999 >0.9999 >0.9999
70 >0.9999 >0.9999 0.0022 >0.9999 0.5055 >0.9999 >0.9999 0.2557 >0.9999
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Suiilementai Table 3: Detailed Halues for Fiiure 2

[ d Synovial )
0.7902 0.0002 >0.9999 >0.9999 >0.9999 >0.9999 0273 >0.9999 >0.9999
3 >0.9999 <0.0001 >0.9999 >0.9999 >0.9999 >0.9999 <0.0001 >0.9999 >0.9999
7 0.7324 <0.0001 >0.9999 0.5555 0.0136 >0.9999 <0.0001 0.781 >0.9999
14 >0.9999 0.0024 >0.9999 0.0003 0.0003 0.0332 <0.0001 >0.9999 0.0632
28 0.0419 >0.9999 <0.0001 0.0737 >0.9999 >0.9999 0.0213 >0.9999 0.0167
a2 >0.9999 >0.9999 >0.9999 0.1035 >0.9999 >0.9999 0.008 >0.9999 0.0681
56 0.0307 >0.9999 0.1316 0.0467 >0.9999 >0.9999 0.1944 >0.9999 0.0161
70 026 >0.9999 0.0306 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999

Synovial Hyperplasia (B)
1 0.7631 0.0083 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
s >0.9999 <0.0001 >0.9999 >0.9999 >0.9999 >0.9999 0.0007 >0.9999 >0.9999
2 0.849 0.0002 >0.9999 >0.9999 <0.0001 >0.9999 <0.0001 <0.0001 0.7364
14 >0.9999 0.0012 >0.9999 0.119 <0.0001 >0.9999 <0.0001 0.0004 02293
28 0.0395 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 0.8549 >0.9999 0.8448
a2 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 0.8593 >0.9999 >0.9999
56 0.3067 >0.9999 0.0001 >0.9999 0.7931 >0.9999 >0.9999 >0.9999 >0.9999
70 0.2489 >0.9999 <0.0001 0.8337 0.1994 >0.9999 >0.9999 0.0787 >0.9999
Subsynovial immune cell infiltration (C)
N/A 0.0001 >0.9999 >0.9999 07154 >0.9999 0.0011 0.0049 >0.9999
3 N/A <0.0001 >0.9999 >0.9999 >0.9999 >0.9999 <0.0001 >0.9999 >0.9999
7 N/A 0.3809 >0.9999 0.0029 0.0034 >0.9999 <0.0001 0.0003 0.0002
14 N/A 0.0155 >0.9999 0.0035 <0.0001 0.0493 0.0005 0.0144 0.5003
28 N/A >0.9999 00162 0.0265 03362 >0.9999 0.0106 0.6117 0.0188
42 N/A >0.9999 0.022 0.0195 0.4835 >0.9999 0.0026 0.0678 0.0018
56 N/A >0.9999 0.0075 0.0563 >0.9999 >0.9999 0.2211 >0.9999 0.1295
70 N/A >0.9999 0.0445 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
Bone Erosion By Pannus (D)

N/A 0.0172 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 0.0203 0.5834
- N/A <0.0001 >0.9999 >0.9999 >0.9999 0.0024 >0.9999 0.0002 0.0526
2 N/A 0.0578 >0.9999 0.1239 0.0393 0.0001 >0.9999 0.8226 >0.9999
14 N/A >0.9999 0.0021 <0.0001 0.0159 0.0009 0.5261 >0.9999 >0.9999
28 N/A >0.9999 <0.0001 0.1851 >0.9999 >0.9999 0.0033 >0.9999 0.1003
42 N/A >0.9999 00146 0.1472 >0.9999 >0.9999 0.1338 >0.9999 >0.9999
56 N/A >0.9999 >0.9999 0.2269 >0.9999 >0.9999 0.0007 >0.9999 0.0192
70 N/A >0.9999 0.1117 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999
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Suiilementai Table 4: Detailed Halues for Fiiure 3

CD4+ T-helper cells (A)

0.0853 05021 >0.9999 0.0725 0.2911 0.0402 0.2073 0.984 09383
3 09176 0.0014 0.1664 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
7 0.6388 0.0003 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
14 >0.9999 09913 <0.0001 <0.0001 <0.0001 0.5452 <0.0001 <0.0001 <0.0001
28 0.8174 0.934 <0.0001 <0.0001 <0.0001 0.0954 0.0002 <0.0001 0.0001
42 <0.0001 03198 <0.0001 <0.0001 <0.0001 0.4563 0.0883 <0.0001 0.0002
56 0.9993 07334 <0.0001 0.0003 <0.0001 0.5261 0.4663 <0.0001 0.2362
70 0.6125 >0.9999 0.0415 0.0406 0.0007 0.1808 0.9992 0.0069 0.7803

Ratio of Th1/Th2 cells (8)

1 0.9827 <0.0001 0.0001 0.0423 0.5312 0.0008 0.0281 <0.0001 <0.0001

0.9866 >0.9999 09998 <0.0001 <0.0001 0.0505 0.0017 0.0016 0.0017
2 0.9354 >0.9999 0.604 <0.0001 <0.0001 0.1356 <0.0001 <0.0001 <0.0001
14 0.5175 09749 09952 <0.0001 <0.0001 0.0801 <0.0001 <0.0001 <0.0001
28 >0.9999 09821 0.0004 0.0007 0.9998 >0.9999 0.0007 0.9968 0.0006
42 >0.9999 0.4968 0.0003 0.2437 0.0003 0.8834 0.9999 0.0003 0.1845
56 0.66 >0.9999 <0.0001 0.0018 0.001 0.1265 0.0044 <0.0001 0.0045
70 0.9979 0.9984 0.6916 0.9436 >0.9999 0.9633 0.9856 0.9311 09999

Ratio of Th17/Treg cells (C)

1 >0.9999 0.0002 0.0443 0.0056 0.0538 0.4116 <0.0001 0.1374 <0.0001

0.9966 0.9879 <0.0001 0.8896 <0.0001 0.9988 0.9783 <0.0001 0.7971
7 0.9603 07715 >0.9999 0.0044 0.0044 0.0017 0.0012 0.0012 0.0012
14 0.4635 0.7078 0.7669 <0.0001 0.0003 0.1302 0.0002 0.0005 0.0003
28 09715 0.953 0.0008 0.0001 0.0247 0.0007 <0.0001 0.002 <0.0001
42 0.4532 07153 0.0005 0.0001 0.0012 0.0006 0.0007 0.0007 0.0011
56 0.8625 0.9979 <0.0001 <0.0001 0.3438 0.9997 0.0041 0.7614 0.0046
70 09211 0.4975 0.0005 0.0104 0.9358 0.6468 0.1106 0.9775 0.0005

Ly6C+ monocytes (D)

1 0.0002 <0.0001 09999 0.0014 0.3195 0.0034 0.0054 0.9954 0.9055

0.9843 <0.0001 0.0661 0.0062 0.0115 0.141 0.0006 0.0012 0.0098
2 0.1457 01191 <0.0001 <0.0001 >0.9999 0.9951 <0.0001 >0.9999 <0.0001
14 0.7172 06102 <0.0001 <0.0001 <0.0001 0.0004 <0.0001 0.0017 <0.0001
28 0.114 >0.9999 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
a2 0.7411 0.0012 <0.0001 <0.0001 0.0052 <0.0001 <0.0001 <0.0001 <0.0001
56 0.0389 0.9989 <0.0001 <0.0001 0.0012 0.7707 <0.0001 0.0005 <0.0001
70 0.8816 0.619 0.0036 09173 0.0026 >0.9999 0.6691 0.0042 0.4862

Blood originated macrophages (E)

1 0.0005 0.0159 0.2499 03148 <0.0001 0.0095 <0.0001 0.1281 0.9807

0.0024 0.1419 0.0291 0.0192 0.7978 0.0203 <0.0001 0.055 09225
v} >0.9999 >0.9999 <0.0001 <0.0001 0.0388 0.1931 <0.0001 >0.9999 <0.0001
14 >0.9999 0.999 <0.0001 <0.0001 0.9997 0.0394 <0.0001 0.0746 <0.0001
28 0.0201 0.151 <0.0001 <0.0001 <0.0001 0.4659 <0.0001 0.0003 <0.0001
42 0.7032 0.0169 0.004 0.3466 09238 0.1167 0.1585 0.0577 0.4244
56 0.0537 0.9642 <0.0001 0.9983 <0.0001 0.4014 0.9984 <0.0001 03844
70 0.9987 >0.9999 <0.0001 06123 <0.0001 05372 0.9989 <0.0001 09999

BO M1/M2 ratio (F)

1 0.9999 0.0006 00913 02385 03118 0.2168 0.0076 0.0244 0.1942

0.6502 0.0717 09672 0.7455 0139 0.0462 0.0864 0.6385 0.6619
2 0.9979 >0.9999 <0.0001 0.0004 0.5591 >0.9999 0.0412 0.8855 0.0408
14 0.6385 0.6185 0.0089 0.0008 0.216 0.0045 0.0019 0.0244 0.0019
28 09776 09217 0.0025 >0.9999 0.0013 0.9997 0.9184 0.0021 0.9904
42 0.5439 0.7287 0.0046 0.2297 0.0079 0.9629 0.0816 0.0175 0.1261
56 >0.9999 09916 093 0.0001 0.0002 0.9934 0.009 0.0076 0.0153
70 0.8314 0.9995 0.1684 0.1191 0.9986 0.9999 0.0786 >0.9999 0.0959

STRM M1/M2 ratio (G)

1 0.9948 0.0436 0.4156 0.7944 0.628 0.4877 0.0063 0.013 0.0583

0.9972 0.0129 0.0263 0.0008 0.0813 0.0033 0.4037 0.0324 04231
7 0.9952 0.9865 00136 0.1328 0.7541 0.864 0.0667 0999 0.0652
14 0.6537 0.6509 0.0339 0.0017 0.8164 0.365 0.2565 0.241 02551
28 0.9997 0.2687 <0.0001 0.948 <0.0001 0.9982 0.8374 <0.0001 0.9972
42 0.9914 03472 0.0042 <0.0001 0.0004 0.9903 0.0017 0.0002 0.0023
56 0.9375 0.9972 >0.9999 <0.0001 <0.0001 0.8589 <0.0001 <0.0001 <0.0001
70 >0.9999 09979 <0.0001 0.0002 0.014 >0.9999 <0.0001 0.0049 <0.0001
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Suiilementai Table 5: Detailed Halues for Fiiure 4

Ly6C+ monocytes (A)

0.9815 09529 0.0002 0.0013 0.0121 0.0885 <0.0001 <0.0001 <0.0001
3 0.8243 0.0575 03776 0.0022 0.6761 <0.0001 <0.0001 <0.0001 <0.0001
7 0.9878 06729 00111 0.0087 0.0052 0.9995 0.0897 0.1487 0.1354
14 0.9835 0.8749 <0.0001 <0.0001 0.1544 <0.0001 <0.0001 <0.0001 <0.0001
28 0.9854 >0.9999 <0.0001 0.9671 <0.0001 0.0634 0336 <0.0001 0.1641
42 0.0777 0.1981 <0.0001 0.9595 <0.0001 >0.9999 0.999% <0.0001 09915
56 0.9935 0.9984 <0.0001 >0.9999 <0.0001 0.5417 0.9343 0.0002 05764
70 0.6931 >0.9999 <0.0001 0.6039 <0.0001 0.9896 0.4745 <0.0001 09373

M1/M2 ratio (B)
1 0.5458 0.0167 0.0788 0.0072 0.997 0.0086 0.003 0.0867 0.8677
s 0.9974 <0.0001 00222 0.1267 >0.9999 0.2034 0.0463 0.039 0.0942
2 0.8972 09309 0327 0.4608 >0.9999 0.5355 0244 0.3574 0.2289
14 0.6327 0.6407 0.0927 0.0099 0.1755 0.04 0.0035 0.1112 0.0062
28 0.9603 >0.9999 0.0069 0.7286 0.0072 0.9951 0.8447 0.0073 0.6401
42 >0.9999 0.8947 <0.0001 0.9969 <0.0001 >0.9999 0.3542 <0.0001 0.9%4
56 >0.9999 >0.9999 0.0006 0.6058 0.0008 0.9628 >0.9999 0.0003 >0.9999
70 >0.9999 0.9958 0.998 0.0037 0.0062 0.7608 <0.0001 <0.0001 <0.0001
Ratio of Th1/Th2 cells (C)

>0.9999 09532 0.0054 0.0013 0.994 0.9217 0.0182 0.788 00113
3 0.4997 0.6202 0.0028 0.0001 0.7908 0.6443 0.0004 0.2447 0.0004
7 0.2966 0.7802 0.1826 0.0068 0.192 0.132 0.1426 0.9997 0.146
14 0.8128 0.9988 <0.0001 0.0008 0.6181 0.5932 0.0036 0.9919 0.0026
28 0.952 0.7815 <0.0001 <0.0001 0.0005 0.8632 <0.0001 0.0003 <0.0001
42 >0.9999 09999 <0.0001 0.0003 03286 0.5083 0.0002 0.9937 0.0001
56 0.9908 >0.9999 <0.0001 <0.0001 <0.0001 0.5959 0.0005 <0.0001 0.0003
70 >0.9999 0.999 <0.0001 0.006 0.0016 0.2965 0.0014 0.0098 0.0006

Ratio of Th17/Treg cells (D)

0.6357 >0.9999 0.2038 0.7098 0.4354 0.8463 0.436 0.2552 0.9998
3 0.0018 09974 05727 0.0039 0.024 0.3756 0.9975 0.0082 0.0019
2 0.0964 0.684 0.1393 0.1852 0.194 0.0183 0.1505 0.059 0.0949
14 0.1585 <0.0001 0.8198 0.0363 0.4669 0.2315 0.8064 0.0262 <0.0001
28 0.995 05615 0.0009 0.0022 0.0324 0.0324 0.0566 0.0025 0.6271
42 05784 0.1507 0.094 0.0128 0.8408 0.9669 0.0125 0.5379 0.0314
56 0.6412 0.8676 00338 0.0059 0336 0.1084 0.5987 0925 0.1183
70 0.4756 0.6349 05325 0.546 03286 0.4862 0.9753 0.9288 0.9969
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Suiilememai Table 6: Detailed ivalues for Flire 5

Ly6C+ monocytes BM (A)
1 0.0539 0.0052 <0.0001 <0.0001 0979 0.9984 <0.0001 0.9996 <0.0001
3 <0.0001 <0.0001 0.0888 0.001 0.0021 <0.0001 0.2023 0.1613 <0.0001
7 >0.9999 >0.9999 <0.0001 <0.0001 0.6464 <0.0001 <0.0001 <0.0001 <0.0001
114 0.8712 0.8477 <0.0001 <0.0001 0.1087 0.7551 0.0001 0.0183 <0.0001
28 0.9264 >0.9999 0.0011 <0.0001 0.0002 <0.0001 0.0163 0.0008 0.0086
a2 0.7992 09729 <0.0001 0.0016 <0.0001 0.0038 0.9958 <0.0001 0.6811
56 0.9966 0.9976 <0.0001 <0.0001 <0.0001 0.1343 0.0027 <0.0001 0.0032
70 0.9923 0.3946 <0.0001 <0.0001 0291 03211 <0.0001 0.0603 <0.0001
Ly6C+ monocytes spleen (B)
1 0.0837 <0.0001 0.9659 <0.0001 <0.0001 0.9282 <0.0001 <0.0001 <0.0001
3 0.8984 <0.0001 <0.0001 <0.0001 <0.0001 0.2231 <0.0001 <0.0001 <0.0001
7 0.5107 0.9802 <0.0001 <0.0001 <0.0001 0.0059 <0.0001 <0.0001 <0.0001
1 0.8259 0.6034 <0.0001 <0.0001 <0.0001 00103 00251 <0.0001 0.0089
28 0986 0.9985 <0.0001 03805 <0.0001 0.9638 >0.9999 <0.0001 09333
42 >0.9999 0.9998 <0.0001 0.9444 <0.0001 0.9169 0.9998 <0.0001 0.9998
56 >0.9999 0.9766 0.1974 >0.9999 0.0812 0.7061 0.8538 09761 07164
70 >0.9999 0.1422 0.2501 0.6483 0.9964 0.9947 0.9994 >0.9999 0.2893
M1/M2 ratio BM (C)
: ] 0.1062 <0.0001 0.0025 0.0208 >0.9999 0.0808 <0.0001 0.0137 0.0032
3 0.6003 <0.0001 <0.0001 0.006 <0.0001 0.971 0.0076 <0.0001 0.0271
7 0.9833 0.9993 0.0001 <0.0001 0.4984 0.0004 0.002 0.0002 0.0017
14 0.6287 0.6056 0.0039 03083 0.0057 0.9966 0.4445 0.0057 0.2584
28 0.4485 0.9952 0.0014 09507 0.0014 0.8848 0.561 00012 0.9969
@2 0.9998 0.305 0.9986 01088 0.024 0.5866 0.7871 09894 0.9994
56 0.9963 0.999 0.8036 <0.0001 0.0001 0.9979 0.0002 0.0013 0.0005
70 >0.9999 0.443 0.8082 0.0279 0.036 0.3276 0.0131 0.0053 0.0025
M1/M2 ratio spleen (D)
1 0.9062 0.0656 0.0476 0.0017 0.0139 0.0267 0.0003 0.6034 0.0153
3 0.9967 <0.0001 <0.0001 <0.0001 0.0038 <0.0001 <0.0001 <0.0001 <0.0001
7 0.8446 0.5916 0.0006 <0.0001 0.0072 0.9875 0.0079 0.0245 0.008
114 0684 0.6694 0.0051 0.138 0.0054 0.437 0.9874 0.0052 0.9999
28 0.9879 0.8404 0.0001 0.0148 0.0001 0.0903 0.0399 0.0002 0.085
a2 0.9986 08713 <0.0001 0.9984 <0.0001 >0.9999 0.9916 <0.0001 0.9994
56 0.9765 50.9999 0.0011 0.9996 0.001 0.9921 0.8515 00016 509999
70 >0.9999 0.9998 <0.0001 09208 <0.0001 0.9757 >0.9999 <0.0001 0.9782
Th1/Th2 ratio BM (E)
1 >0.9999 0.0093 0.9599 0.0232 0.0409 0.0017 >0.9999 <0.0001 0.0095
3 0.0728 0.0001 <0.0001 <0.0001 0.9406 0.009 0.9058 0.0277 <0.0001
7 0.8506 0.7209 >0.9999 08714 0.9491 >0.9999 0.896 09429 0.8192
14 0.0004 <0.0001 09712 06283 0.9868 0.4472 0.9997 0.8832 0.9919
28 0.7351 0.6331 0.0007 0.7514 0.0021 >0.9999 0.9568 00021 0.8395
42 0.5512 0.8212 0.1574 >0.9999 0.2981 0.9249 >0.9999 04113 0.8741
56 0.9246 0.909 >0.9999 0.8934 0.5505 0.8967 >0.9999 >0.9999 >0.9999
70 >0.9999 0.7976 0.5899 09977 0.8662 0.9688 0.9999 0.9978 0.7888
Th1/Th2 ratio spleen (F)
1 0.1233 <0.0001 0.0917 02678 50,9999 0.0217 0.9666 0.0054 <0.0001
3 0.0113 <0.0001 0.0031 0.0007 0.8842 0.1267 0.0437 0.1578 0.0432
7 0.9665 08472 0.0021 0.0002 0.6253 0.0014 0.0006 00135 0.0288
14 0.1032 0.0016 0.0003 02498 0.5519 0.0032 0.9574 0.0098 0.0023
28 0.1007 0.0206 0.0108 05524 0.0141 0.9951 >0.9999 0.0113 0.9688
2 0.9891 50.9999 0.1394 0.9846 052 0.9988 0.9402 02752 0.9997
56 0.0402 0.8405 0.8943 0.9986 0.9887 0.908 0.1744 04226 0.993
70 0116 0.4589 0.2238 09986 0.1984 0.7625 0.867 02645 0937
Th17/Treg ratio BM (G)
1 0.9991 0.0027 0.7657 03901 0.6498 0.0461 0.6605 0.0018 0.0038
0.4527 >0.9999 0.3749 0.6204 0.9671 0.0897 0.151 0.0946 0.6539
7 0.9996 0.7506 0.7315 0.7653 >0.9999 0.4903 09114 04136 0.2506
14 0.0026 0.1882 0.9403 09785 0.2322 0.9994 0.249 0.5295 0.9978
28 0.0035 0.0221 0.5499 0.1605 0.9916 0.0182 0.0734 0.0783 0.5535
42 0.2566 0.0131 0.0043 0.485 0.024 0.0461 0.0527 >0.9999 0.0101
56 <0.0001 0.0004 0.002 00119 0.9979 0.6981 0.1207 07718 0.0203
70 0.5231 0.9326 0.1294 0.994 0.9045 0.9592 >0.9999 >0.9999 0.6425
Th17/Treg ratio spleen (H)
1 0.9946 <0.0001 0.6026 09494 0.9631 0.0002 0.6053 0.0008 <0.0001
3 >0.9999 0.6861 0.9977 0.8966 0.9915 0.9979 0.995 0.9408 0.7788
7 0.9996 0.9929 0.5708 05279 0.9966 >0.9999 03775 0.9946 0.7149
14 0.5184 0.9186 0.0271 00792 0.9996 0.8568 0.9995 05477 <0.0001
28 0.0002 0.3024 0.9999 0.0153 0.0124 0.9814 0.4647 0.0029 0.0057
a2 0.0003 >0.9999 0.0014 0.0014 0.0345 0.9705 0.5787 0.019 0.0074
56 03027 0.9841 0.0074 02897 0.0392 05132 0.9629 0.0003 0.8266
70 >0.9999 0.9094 <0.0001 01426 0.0003 0.8517 0.9611 0.0001 0.6071
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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 Thl response subsides gradually once the cartilage damage has reached
its maximum, Thl7 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 Thl levels
observed in our study, high Thl 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 Ly6C"e" 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 Ly6C"e" 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 Thl 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 Thl 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 Thl cells, however its IL12B subunit is shared
with IL23 which promotes polarization of Th1l7 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 Thl and Thl7, in the disease pathogenesis [13]. In particular, a skewed
proinflammatory differentiation towards Thl 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 Thl 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 Thl 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 [L12 and IL.23 in auto-immune joint inflammation [19]. In particular, [L23 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 (4CLS) 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
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(day 1, week-1, -4 or -6) named accordingly. Animals harvested at day-1 only received the
treatment prior to injury. Finally, naive mice were included that served as non-operated

age/time-point controls (NVOC) 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 naive CD4+ T-helper cells immediately isolated as per manufacturer instructions (Naive
CD4+ T-Cell Isolation Kit, mouse, Miltenyi Biotec, cat #130-104-453). Thereafter, 0.5x10°
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 naive 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 500ug of either anti-CD4 mAB (InVivoMADb anti-mouse CD4,
BioXCell, catalogue #BE0003), anti-IL12p40 (InVivoMAD anti-mouse IL12p40, BioXCell,
catalogue #BEO0051; inhibiting IL12 and IL23 and both Th1/Th17 differentiation), anti-
IL12p75 (InVivoMAD anti-mouse IL12p75, BioXCell, catalogue #BE0233; inhibiting IL12 &
Thl 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, #MT17TMAG47PMX25BK).

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.
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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 a-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 naive 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 naive CD4+ T-helper cells co-cultured with
osteoarthritic murine joint tissue in vitro

To further evaluate the role of the IL12/23, naive 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, IL18, 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 naive CD4+ T-helper cells increased IFN gamma

secretion which was significantly decreased via 1L12/23 pathway blockage (Fig. 3B). Co-
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culture of naive 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 naive 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), ILI7A mRNA expression was predominantly increased in
CD4+ T-helper cells incubated with OA synovium and was inhibited by Apilimod. Expression
of RORC (which encodes RORYy a crucial transcription factor for the polarization of Th17 cells
[38]), and Tbx21 (a master regulator of Thl 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 naive 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 naive CD4+ T-helper cells and IL17 secretion.

Importantly, all of these effects were regulated by the 1L12/23 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 1L12/23
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 1L23).

129



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 IL.12/23 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 naive and non-OA-inducing joint-loading
injury controls. Collectively our data suggests that the IL.12/23 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 IL127- 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 Thl 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 1L23 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 1L23-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 IL23-1L17 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 1L12/23 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 DMOAD:s.

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 1L12/23 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 [L12/23 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 naive 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 IL23 A overexpression in cells
that were in contact with OA synovial tissue, as well as induction of master transcription factors
of proinflammatory Thl and Th17 subsets which were significantly reduced after 1L12/23
pathway blockage. Collectively our data demonstrate for the first time that the IL12/23 pathway
via acute systemic and loco-regional CD4+ T-helper Thl 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 a-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 a-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 a-level of 0.05, and differences are marked as
follows: p<0.05 (*,+,), p<0.01 (**++""), p< 0.001 (***+++") and p< 0.0001
(FHF*E 4+ M) 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 o-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 o-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 a-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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Figure 1:
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Figure 3:

A) B)
E
2
c
2
8
-
8
&
Q
qPCR (Fig.4) Luminex (Fig. 3)
IL1 beta w/o STA +ST. IL1 beta w STA
204
E 15 * E 154 E
a xkE a 2
:. r :- Y c
= T o o
g £ o . g
2 - . £
8 8 8
S § §
o o 4 B o
“] H
3 AR
_s»‘\'p gv‘sﬁ q\af"p Qfé
<
« & &
IL23woSTA +ST. IL23 w STA
800 8004
Vea ~
- 600+ -
E E j rEkE g
Ed T ~N 2
4004
£ £
8 8 g
3 5 S
o o o
2004
g ot &
04 & d o
& S
@é‘\ Qf ‘\qf v@@"‘
<

Protein Expression in Luminex Analysiss

IFN-gamma w/o STA +STA IFN-gamma w STA
804
*%
~
o -

Conconﬂ}on pg/ml

]
|

+
MIP3-alpha w/o STA STA MIP3-alpha w STA
150 150+
k¥
o N
100] ’ - G
e = =N
¢ 2
£
8
50 1 S 50
1|iE o
& \@“*& ,o'og' ;p" e-'(‘& &“*0" .~>’0§t é“é‘
AV T A VA S A 4
& &
6+STA~
IL17A w/o STA IL17Aw STA
6000 i ko v 60004
f ™
E
E 4000+
H
£
c
:
S 20004
R . EPOUR :
TR
& ‘es*’ & \0".’
& & @
B * & &

146



Figure 4:
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Figure 5:
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Figure 6:
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Figure 7:
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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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Supplementary Table 1: Used Antibodies for Flow Cytometry

I Name of Material/ Equipment Manufacturer | Catalog Number | Comments/Description
Fixable Viability Stain 510 100ug BD 564406 T-Cell Panel
Ms CD3e APC-Cy7 145-2C11 100ug BD 557596 T-Cell Panel
Ms CD8a BV786 53-6.7 50ug BD 563332 T-Cell Panel
Ms CD4 PE-Cy7 RM4-5 100ug BD 552775 T-Cell Panel
Ms NK1.1 BV650 PK136 50ug BD 564143 T-Cell Panel
Ms CD25 BV605 PC61 50ug BD 563061 T-Cell Panel
Ms CD183 BB700 CXCR3-173 50ug BD 742274 T-Cell Panel
Ms Foxp3 PE MF23 100ug BD 560408 T-Cell Panel
Ms ROR Gamma T BV421 Q31-378 50ug BD 562894 T-Cell Panel
APC anti-mouse CD194 (CCR4) BioLegend 131212 T-Cell Panel
Brilliant Stain Buffer Plus 1000Tst BD 566385 Buffers
Transcription Factor Buffer Set 100Tst BD 562574 Buffers
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Supplementary Table 2: Primer Sequences used for rtPCR

2 Annealin >
Gene Sequence (5'-3') Temperaturi © Size (bp)

IL12A Forward AACGCAGCACTTCAGAATCA 552 223
Reverse GATAGCCCATCACCCTGTTG

IL12B Forward TCTGGAAAGACCCTGACCAT 537 o
Reverse GTCCGGAGTAATTTGGTGCT

IL23A Forward ACAAGGACTCAAGGACAACAGC 564 221
Reverse TAGAACTCAGGCTGGGCATC

IL17A Forward ATCCCTCAAAGCTCAGCGTGTC 568 570
Reverse GGGTCTTCATTGCGGTGGAGA

RORC Forward CAG CAG CAA CAG GAACAAGTG G
Reverse TGC CCA TCT GAG AGCCCT AAAG 36 o

TBX21 Forward AGCAAGGACGGCGAATGTT 578 188
Reverse TGGGTGGACATATAAGCGGTTC
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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 naive 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 Th1l and Th17 subsets which
was significantly reduced after IL12/23 pathway blockade. Thereby our data indicates that the
1L12/23 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 1L.12/23
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 Ly6C"#" 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 Ly6CMe" 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 Ly6Chieh
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 Ly6Chie" 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 Ly6C"e" monocytes [14];
intraarticular (IA) injection of clodronate-liposomes effectively depleting STRMs [15], or
intravenous (I'V) 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). Naive mice were
included, when necessary, serving as non-operated controls (NVOC) 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 200ul [22,
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23] of clodronate liposomes (Encapsula Nanosciences LLC, catalogue #CLD-8901),
intraarticular (IA) injection of 10ul [24] clodronate liposomes (Encapsula Nanosciences LLC,
catalogue #CLD-8901), or intraperitoneal (IP) injection of rat anti-mouse CCR2 antibody MC-
21 (20pg in 100ul 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 100ul 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 (10pl clodronate liposomes IA [24]) or systemic CCR2*
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monocyte depletion (20ug 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 a-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. 1A
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/M?2 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. At4 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+ Ly6C"e" 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 log> fold change; Fig 5 E-G) identified genes involved in the
immune response that were particularly down-regulated by CCR2" monocyte depletion (4rgl,
Cx3crl) 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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(Argl) and adaptive (Ccll7) immune response that were upregulated by STRM depletion

(Table 3).
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Discussion

Ly6Cheh monocytes are known as potent pro-inflammatory effector cells [5] and the cytokine
profile released by Ly6C"e" monocytes upon activation includes IL-1B, TNF-a. as well as high
levels of reactive oxygen species [5]. In OA, it is believed that Ly6C"e" 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 Ly6C"eh 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, Ly6C"e" monocytes have emerged as potential target of interest in
disease modification. In addition, Ly6C"&h monocyte vascular egress and recruitment into the
joint space are governed by CCL2/CCR?2 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 Ly6c™eh/Ly6C!*" 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 Argl, Yml and TGF-B [43]. Surprisingly, genomic analysis of the synovial tissue block of
anti-CCR?2 treated animals indicated a decreased Argl 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 Argl 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. CX3CRI1 is crucial in the chemotaxis of Ly6C!*¥ monocytes
and elevated levels have been detected in the synovial fluid of OA patients [44]. Functional
analysis indicated that besides its chemo-attractive properties CX3CRI1 also stimulates
inflammation especially during early stages of OA via a pro-inflammatory activation of
recruited Ly6C'®" 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
CCR?2 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-
CCR?2 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 a-level of 0.05, and differences are marked as follows: p<0.05
(*, 1), 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+i1V 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 a-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+i1V Clododronate treated’ vs ‘ACLR+1V Liposome control’ mice, and
the ~ symbol is used for the comparison of ‘ACLR+iA Clodronate treated’ vs ‘ACLR+A
Liposome treated’ mice. All statistical tests used an a-level of 0.05, and differences are marked
as follows: p<0.05 (*,+,), p<0.01 (**++""), p<0.001 (***+++") and p<0.0001
(FH*E ++4++ AN 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:
A) mAB W/O Treatment Clo 4 Weeks
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Table 1: Top 10 upregulated GSEA pathways per comparison and time point.

1 Day Post Injury

4 Weeks Post Injury

mAB vs. Untreated NES P-value mAB vs. Untreated NES P-value
1 |GO_CYTOKINE_ACTIVITY 1.607398082 0.043878094
N/A
2 GO_PROTEINACEOUS_EXTRA 1.447842905 0.045137619
CELLULAR_MATRIX
Clo vs. Untreated Co vs. Untreated
GO_MYELOID_LEUKOCYTE_MI
1 |GO_CORNIFIED_ENVELOPE 1.898568647 0.025568219 1 GR;TION = = 1952275543 0.002553624
2 |GO_CYTOKINE_ACTIVITY 1.78230508 0.006045744 7 gz—GRANULOME—MIGRATI 1.948114957 0.01300742
3 GO_STRIATED_MUSCLE_CON 1.688550154 0.021656297 3 GOMONO ECHEMOTAXS 1.943827509 0.049959862
TRACTION S
4 |GO_HEART_PROCESS 1.664139555 0.021656297 4 GORCEEEUEAR RESRONSE 10 1.90521406 0.006741856
| it _INTERLEUKIN_1
5 |GO_CONTRACTILE_FIBER 1.656291023 0.008763047 5 21(?I_ATI 0': DROCYTE_DIFFERE 1.881796864 0.032355971
6 oML e DEVELOD 1.647902722 0.033817998 6 SO" RESPONSERTORINTERLED 1.827358763 0.01300742
MENT KIN_1
& (;;_NTOKINE_RECEPTOR_BI 1.589857924 0.0148951 7 |GO_CYTOKINE_ACTIVITY 1.690895856 0.028632026
8 GO_MUSCLE_CELL_DIFFEREN 1.575771409 0.0148951 s GO_CARTILAGE_DEVELOPME 1.674590984 0.042261723
TIATION NT
GO_POSITIVE_REGULATION_
9 SSO _MUSCLE_SYSTEM_PROCE 1.557375904 0.014305273 9 |OF_EPITHELIAL_CELL_PROLIFE 1.625627972 0.049959862
RATION
10 GOm0 ETORGANC DEVEL 1.554141566 0.0148951 10 GO SR ETALSYSTEMIMOR 1.601571485 0.032355971
OPMENT : : PHOGENESIS . :
Clovs. mAB Clovs. mAB
1 |GO_CORNIFIED_ENVELOPE 2.001483264 0.000779995 k£ z?ﬁ?:g'z‘ DR OCYTE DIEFERE 1.891976723 0.022653629
2 GO_DISRUPTION_OF_CELLS_ 1.992298424 0.000779995 2 GO_GRANULOCYTE_MIGRATI 1.859586621 0.022653629
OF_OTHER_ORGANISM ON
3 SOLKILLING. OF_CELLSIOF 0 1.992298424 0.000779995 3 GO MYETOIDILEUKOCYIEEMA 1.85148507 0.011292766
THER_ORGANISM GRATION
4 ES—IMMUNOLOQFAL_SVNAP 1.95090184 0.000959132 4 |GO_LEUKOCYTE_CHEMOTAXIS 1.750215553 0.022653629
5 GgF_h\llﬁiAA:“(liEE_NR(ssg L:;;’OL:Z 1.946322695 0.000584765 5 SOZRESPONSE TOZTUMOR . 1.600890809 0.021421286
g o o 5 3 NECROSIS_FACTOR i F
ATION -
6 GONEUTROPINE MEDIATED.| 1.923325306 0.002399371 6 GO CHTOKINEZRECELTORZON 1.589533926 0.022653629
IMMUNITY NDING
GO_DISRUPTION_OF _CELLS_
OF_OTHER_ORGANISM_INVO
7 LVED_IN_SYMBIOTIC_INTERA e OUEE09004
CTION
GO_KILLING_OF_CELLS_IN_O
THER_ORGANISM_INVOLVED
8 _IN_SYMBIOTIC_INTERACTIO Tosniony et
N
GO_POSITIVE_REGULATION_
OF_PROTEIN_INSERTION_INT
9 |O_MITOCHONDRIAL_MEMBR 1.873025175 0.01218886
ANE_INVOLVED_IN_APOPTOT
IC_SIGNALING_PATHWAY
GO_REGULATION_OF_PROTEI
N_INSERTION_INTO_MITOCH
10 |ONDRIAL_MEMBRANE_INVOL 1.873025175 0.01218886

VED_IN_APOPTOTIC_SIGNALI
NG_PATHWAY
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Table 2: Top 10 downregulated GSEA pathways per comparison and time point.

1 Day Post Injury

4 Weeks Post Injury

mAB vs. Untreated NES P-value mAB vs. Untreated NES P-value
1|GO_INTERMEDIATE_FILAMEN
T - - -2.385193534 4.94268E-24
2
GO_INTERMEDIATE_FILAMEN 2.344234708 1.06422E-25
T_CYTOSKELETON
3|GO_KERATIN_FILAMENT -2.274918096 1.29267E-14
4|GO_HAIR_CYCLE -2.1808461 1.49074E-11
5|GO_MOLTING_CYCLE -2.1808461 1.49074E-11
6
GO_EPIDERMIS_MORPHOGEN -1.922385959 0.0009427
ESIS
N/A
7| GO_NEGATIVE_REGULATION
_OF_VIRAL_GENOME_REPLIC -1.913181551 0.000931448
ATION
8 GO_NEGATIVE_REGULATION 1.911350777 0.002473688
_OF_B_CELL_PROLIFERATION | :
9
GO_SKIN_EPIDERMIS_DEVELO -1.883308182 0.000599719
PMENT
10|GO_INTERMEDIATE_FILAMEN 1.871059627 0.000370091
T_BINDING & i
Clo vs. Untreated Clo vs. Untreated
3| GOZINTERMEDIATE FIFAMEN 2.727025318 7.27818E-28 o AL 2.163127081 1.02157€-07
T_CYTOSKELETON ) ) _COMPLEX : :
2
GO_INTERMEDIATE_FILAMEN 2.717612907 4.25144E-23 2 GO_CATALYTIC_STEP_2_SPLIC -1.989032689 0.000132267
T EOSOME
3|GO_KERATIN_FILAMENT -2.631455897 5.31072E-15 3 |GO_SLEEP -1.83785914 0.042261723
4|GO_HAIR_CYCLE -2.202489003 6.47113E-08
5|GO_MOLTING_CYCLE -2.202489003 6.47113E-08
6|GO_INTRACELLULAR_ESTROG
EN_RECEPTOR_SIGNALING_P -2.029167154 0.0148951
ATHWAY
7
GO_VIRAL_GENOME_REPLICA 2.01578286 0.0148951
TION
8|GO_AGING -1.704991888 7.77891E-06
9|GO_RIBOSOME_BIOGENESIS -1.612722597 0.006045744
10|GO_NCRNA_PROCESSING -1.477590603 0.02363793
Clo vs. mAB Clovs. mAB
1|GO_COLLAGEN_FIBRIL_ORGA 1.957373976 0.002801814 1 GO_U2_TYPE_SPLICEOSOMAL 2117067584 2.33768E-06
NIZATION E " _COMPLEX : :
2
N DO ASMIC RETICUIL GO_CATALYTIC_STEP_2_SPLIC
M_GOLGI_INTERMEDIATE_CO -1.854787304 0.002399371 2 EOS_OMF. o Rt -1.770259919 0.043527664
MPARTMENT_MEMBRANE
3|GO_ENDOPLASMIC_RETICULU
M_GOLGI_INTERMEDIATE_CO -1.839835739 0.000574822
MPARTMENT
a4
gO_PROTEOG LYCAN_BINDIN -1.790549998 0.039545347
5|GO_COLLAGEN_BINDING -1.712524266 0.021983756
6|GO_COLLAGEN_TRIMER -1.709083485 0.032748081
7|GO_POSITIVE_REGULATION _
OF _CELL_SUBSTRATE_ADHESI -1.702632812 0.008809664
ON
8
GO_PROTEINACEOUS_EXTRA -1.60389123 0.000779995
CELLULAR_MATRIX
9
GO_EXTRACELLULAR_MATRIX -1.596687305 0.032748081
_COMPONENT
10
GO_CELL_MATRIX_ADHESION -1.538971334 0.035159525
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Table 3: Top 5 DEGS per comparison and time point.

1 Day Post Injury

4 Weeks Post Injury

Ur:::a‘;:;i Log, fold change P-value Unr:::a‘;:d Log, fold change P-value
11 Fam177a2 8.251031595 0.004477848 1| Gm49388 -5.498258871 3.69366E-07
2 Dppa3 -5.386982549 8.93158E-05 2| H2acl9 -3.73970665 7.53176E-06
3 Argl -3.702545494 0 3 Angptl4 1.067243429 1.05094E-09
4 Apoc2 -3.655969572 0 4 Has1 1.15769597 1.93317E-09
5 Cx3crl -3.375912108 0 5 Tppp 1.195402653 7.45516E-10

Clo vs. Clo vs.

Untreated Untreated
1| Fam177a2 10.79583422 0.000677368 J1| Rnase2a 8.320759409 2.45155E-10
2 Krt71 -8.355108751 0.004662645 2| Fam177a2 5.350918404 0
3|1810049J17Rik -7.947567043 0.007123406 3 Argl 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|  Gm4938s -8.514262905 0.003597088 J1| 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 Cc7 -5.473909379 0 4 Argl 5.887521623 7.80487E-14
5 Argl 4.533672454 7.20828E-10 5| H2acl9 5.853943482 0

Fam177a2: Family With Sequence Similarity 177, Member A2; Dppa3: Developmental Pluripotency Associated 3; Argl: Arginase 1; Apoc2:
Apolipoprotein C2; Cx3crl: 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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Supplementary Table 1: Used Antibodies for Flow Cytometry

I Name of Material/ Equipment Manufacturer | Catalog Number | Comments/Description
Fixable Viability Stain 510 100ug BD 564406 Monocyte Panel
Ms F4/80 BV421 T45-2342 50ug BD 565411 Monocyte Panel
Ms CD80 BV650 16-10A1 50ug BD 563687 Monocyte Panel
Ms I-A I-E BV711 M5/114.15.2 50ug BD 563414 Monocyte Panel
Ms Ly-6G APC-Cy7 1A8 50ug BD 560600 Monocyte Panel
Ms CD11C PE-CF594 HL3 100ug BD 562454 Monocyte Panel
Ms Ly-6C PE-Cy7 AL-21 50ug BD 560593 Monocyte Panel
Ms CD206 Alexa 647 MR5D3 25ug BD 565250 Monocyte Panel
Ms CD11b APC-R700 M1/70 100ug BD 564985 Monocyte Panel
Brilliant Stain Buffer Plus 1000Tst BD 566385 Buffers




5.3 Main Findings of the Study

Depletion of Ly6C"e" 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-
CCR?2) 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 Thl 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 Thl 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-13 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/CDA40L interactions stimulate a broad pro-inflammatory response [21]
including macrophage activation and promotion of a Thl immune response [22] with the
potential to initiate a pro-inflammatory amplification loop. While an overexpression of both
CDA40L [23-25] and CD40 [26] has been shown in rheumatoid arthritis, the role of the
CD40/CDA40L 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 [L.12/p40 (affecting development of Th1 and Th17 T-cells; see Chapter 4.2)
and CCR2 (depleting of Ly6C"" 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 naive non-operated control (NOC) mice were included in a subset of experiments as

indicated in the respective results section.

In-vivo experiments

Details regarding 1L12/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
#BEOO17) or the respective isotope control, as advised by the manufacturer (InVivoMADb
polyclonal Armenian hamster IgG, BioXCell, catalogue #BE0091), was administered 3 times
by intraperitoneal injection (500pg 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-p3-
cyclodextrin (HP-B-CD) was prepared fresh before administration as published previously
[32]. Animals received 250ul 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 a-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 Thl 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 Ly6C"e" 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<l 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 Thl17/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

208



(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; Ly6ChieVov 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 Ly6C"&"1°% 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
KDMG6B [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
KDMG6B expression have been identified as IL-1B and TGF-f, 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 Ly6C"e" 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 a-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 = control for group 1; 4: ACLR+carrier solution = 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 a-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
a-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 a-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 a-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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Figure 1:

Animal Allocation and Study Design

Genomic In-Vivo Experiments

ACLR

NOC

\/

PCR Analysis:
1. Synovial Tissue
2. Tibial Plateau

Time points:
1D, 1W, 4W, 6W

Sample Size:
6 animals per group/time
point/tissue

Therapeutic In-Vivo Experiments

ACLR + ACLR + ACLR + ACLR +
Anti-CD40L DRI-C21045 Isotype Carrier
Solution
Flow-Cytometry Analysis:
1. Synovial Tissue PCR Analysis:

2. Blood
3. Bone Marrow

Time points:
1D, 1W, 4W, 6W

Sample Size:
9 animals per group/time
point/tissue
3 animals randomly grouped into
3 samples each

1. Synovial Tissue
2. Lymph Nodes

Time points:
1D, 1W, 4W, 6W

Sample Size:

3 animals per group/time

point/tissue

\/

Histological Analysis:
1. ptOA Knee

Time points:
1D, 1W, 4W, 6W

Sample Size:
9 animals per group/time point




Figure 2:

A)\

T-Cell Modulating

Treatment (Part B)

o’

)

Monocyte Modulating
Treatment (Part C)

&
B) Synovium
. Ratio: M1/M2 BO-Macrophages
@ Anti-IL12p40 Treated
» Saline Control
.

+
°
B "
o P

. — 5

2
Days post ACL injury

Ratio: M1/M2 STRM-Macrophages
@ Anti-IL12p40 Treated

100
Saline Control

@ Anti-CCR2 Treated

Saline Control

Synovium

Ratio: CD4/8 T-cells

»

Ratio

b kR

@ Anti-CCR2 Treated
Saline Control

Rl

Days :ost AC: injury
Ratio: Th1/Th2

*k

T T
2 30

kR

@ Anti-CCR2 Treated
Saline Control

s

Days :ost ACE injury
Ratio: Th17/Tregs

Tk

Ratio

1’5
Days post ACL injury

224

» 3
Days post ACL injury



Figure 3:

mRNA Expression in qPCR Analysis
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Figure 4:
A) T-cell Response
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Figure 5:
A) Blood

1095 ACLR+Carrier Solution
©® ACLR+Small Molecule antiCD40L

M1/M2 Monocyte Ratio

- Ly6Chigh/low Monos in Blood
ACLR+Carrier Solution

® ACLR+Small Molecule antiCD40L
S o 5 AcLRsiope G
& ACLR+antiCD40L mAB
AN
A AAA G ~
Z + @ @
% AAA AAA |
o i & S
g
0.1 ; y T v T y 0.1 T T T v v v v T y
5 10 15 20 25 30 5 10 15 20 25 30 35 40 a5
Days post ACL injury Days post ACL injury
Ratio: Th1/Th2 io:
0 2t e Eontes S Ratio: Th17/Tregs

© ACLR+Small Molecule antiCD40L
/& ACLR+lIsotype Control
& ACLR+antiCD40L mAB

AN

Ratio

10 15 20 25 30
Days post ACL injury
B) Bone Marrow

Macrophages

-

60

Qo
—
0 40
o
-
5}
©
=)
8
:
5 204
o
ACLR+Carrier Solution
© ACLR+Small Molecule antiCD40L
A ACLR+isotype Control
_{& ACLR+antiCD40L mAB
5 10 15 20 25 30
Days post ACL injury
i Ratio: Th1/Th2

ACLR+Carrier Solution
® ACLR+Small Molecule antiCD40L

& ACLR+Isotype Control
4 ACLR+antiCD40L mAB
0.1 T T T T T T

109 &) ACLR+Carrier Solution
ACLR+Small Molecule antiCD40L
ACLR#lsotype Control
ACLR+antiCD40L mAB

» > e

Ratio

5 10 15 20 25 30 35 40 45
Days post ACL injury

o Ratio: M1/M2
ACLR+Carrier Solution

® ACLR+Small Molecule antiCD40L
£ ACLR+lIsotype Control
& ACLR+antiCD40L mAB

0.1 T T T T T T T T )

5 10 15 20 25 30 5 40 45
Days post ACL injury

Ratio: Th17/Tregs
1009, ACLR+Carrier Solution
©® ACLR+Small Molecule antiCD40L

4 ACLR+Isotype Control
& ACLR+antiCD40L mAB

Ratio

Days post ACL injury

5 10 15 20 25 30

15 20 25 30 35 40 45
Days post ACL injury

-
-
o

227



Figure 6:
A)
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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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Supplementary Table 1: Used Antibodies for Flow Cytometry

I Name of Material/ Equipment Manufacturer | Catalog Number | Comments/Description
Fixable Viability Stain 510 100ug BD 564406 T-Cell Panel
Ms CD3e APC-Cy7 145-2C11 100ug BD 557596 T-Cell Panel
Ms CD8a BV786 53-6.7 50ug BD 563332 T-Cell Panel
Ms CD4 PE-Cy7 RM4-5 100ug BD 552775 T-Cell Panel
Ms NK1.1 BV650 PK136 50ug BD 564143 T-Cell Panel
Ms CD25 BV605 PC61 50ug BD 563061 T-Cell Panel
Ms CD183 BB700 CXCR3-173 50ug BD 742274 T-Cell Panel
Ms Foxp3 PE MF23 100ug BD 560408 T-Cell Panel
Ms ROR Gamma T BV421 Q31-378 50ug BD 562894 T-Cell Panel
APC anti-mouse CD194 (CCR4) BioLegend 131212 T-Cell Panel
Fixable Viability Stain 510 100ug BD 564406 Monocyte Panel
Ms F4/80 BV421 T45-2342 50ug BD 565411 Monocyte Panel
Ms CD80 BV650 16-10A1 50ug BD 563687 Monocyte Panel
Ms I-A I-E BV711 M5/114.15.2 50ug BD 563414 Monocyte Panel
Ms Ly-6G APC-Cy7 1A8 50ug BD 560600 Monocyte Panel
Ms CD11C PE-CF594 HL3 100ug BD 562454 Monocyte Panel
Ms Ly-6C PE-Cy7 AL-21 50ug BD 560593 Monocyte Panel
Ms CD206 Alexa 647 MR5D3 25ug BD 565250 Monocyte Panel
Ms CD11b APC-R700 M1/70 100ug BD 564985 Monocyte Panel
Brilliant Stain Buffer Plus 1000Tst BD 566385 Buffers
Transcription Factor Buffer Set 100Tst BD 562574 Buffers
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Supplementary Table 2: Primer Sequences used for rtPCR
Annealing
Gene Sequence (5'-3' Size (b
9 ( ) Temperature (C) (bp)
CD40 Forward GGGTTAAGAAGGAGGGCACC i s
Reverse TCTTATCCTCACAGCTTGTCCA ;
cD4oL Forward CGAAGCCAACAGTAATGCAG S44 i
Reverse ATTTGCCGCCTTGAGTAAGA i
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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 Thl and Thl7 response. While elevated Thl 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 Thl 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. Naive CD4+ T-helper cells produced
chemotactic proteins such as MIP3A, while OA synovial tissue in contact with naive CD4+ T-
helper cells produced significantly higher amounts of IL1 beta, a known promotor of ptOA.
Importantly, these molecular processes were governed by 1L 12/23 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 Ly6Chieh 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 Ly6C"eh 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 Ly6CMeh 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 Ly6C"eh 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
Ly6Chieh 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 Ly6C"e" monocyte depletion,
while STRM depletion had the opposite effect. Thereby, results from this study supported the
importance of Ly6CMeh 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 S, 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
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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
DMOAD:s. 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 DMOAD:s. 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, Bjorn 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 DMOAD:s. In particular,

the direction of future studies needs to focus on these important aspects:

Y

2)

3)

4)

5)
6)

Evaluate the efficacy of anti-CCR2 and anti-IL12p40 treatment at different times after
induction of ptOA to define a clinically relevant therapeutic window.

Evaluate more localized therapeutic approaches with the existing and/or different
pathway modulating agents.

Evaluate the efficacy of immune-modulation in combination with a restoration of the
biomechanics.

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.

Optimize dosage, duration and pharmacokinetics of each treatment.

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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