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Introduction

INTRODUCTION

Osteochondral defects: clinical challenges and tissue engineering
approaches

Osteochondral defects, a focal area of damage which involves both the articular
cartilage and the subchondral bone, have long presented a significant clinical
challenge. As early as 1743, Hunter recognized the difficulty of treating these defects,
stating that “ulcerated cartilage is a troublesome disease; when destroyed, it is not
recovered” '. In 1856, Monro first reported the presence of loose osteochondral bodies
in the ankle joint 2, and in 1888, Konig coined the term osteochondritis dissecans
to describe loose bodies in the knee joint, theorizing that they were caused by
spontaneous necrosis of bone or an inflammatory process ®. Osteochondral damage can
be caused by a variety of causes such as trauma and joint diseases like osteochondritis
dissecans (OCD), and is a major contributor to disability in the aging population,
resulting in a corresponding increase in economic burden worldwide *. The incidence
of articular cartilage defects is high, with rates of 19-40% in knee arthroscopies
and more than 60% in patients with a meniscus tear and anterior cruciate ligament
rupture >8. Between 1996 and 2011, the incidence of these defects nearly tripled
%, Untreated articular cartilage defects have been identified as a risk factor for the
development of early-onset osteoarthritis """, Osteoarthritis is a degenerative joint
disease characterized by the breakdown of cartilage, the formation of osteophytes,
and inflammation of the surrounding tissues .

The osteochondral unit is made up of articular cartilage, calcified cartilage, and
subchondral bone . The non-calcified cartilage layer can be divided into three zones
based on the morphology and orientation of chondrocytes. These layers include the
superficial zone (top 10-20%), the middle zone (next 40-50%), and the deep zone (last
30-40%). The cartilage serves as a low-friction surface and acts as a shock absorber to
reduce the forces on the subchondral bone '*'*. Articular cartilage is an unusual tissue
because the cells, called chondrocytes, make up only 1-2% of the total volume and
are dispersed in a dense extracellular matrix (ECM) without blood vessels or nerves
', The ECM is made up of collagen fibers and proteoglycan (mainly aggrecan), which
is composed of a core protein and hydrophilic glycosaminoglycan side chains. These
components help the tissue retain water, giving it resilience under compression .
The ECM also contains small amounts of other proteins, such as lubricin, which helps
the tissue move smoothly. Tissue engineering approaches aim to recreate this layered
structure to repair damaged tissue, but it is not yet clear if this is necessary in the
early stages of repair .
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Located beneath the non-calcified cartilage there is the calcified cartilage layer, a
mineralized transition zone that acts as a stress buffer between the stiffer bone and
cartilage, transmitting force and limiting diffusion to the deeper cartilage layer *.
The subchondral bone, situated under the calcified cartilage, plays a vital role in
mechanical support %. It also consists of the subchondral bone plate, which is formed
by bony lamella that separate the cartilage from the marrow cavity. These lamella
converge underneath into the subarticular spongiosa region, which is made up of porous
trabecular bone containing blood vessels and innervation ?'. Recognizing the subchondral
bone as an integral part of the tissue to be repaired provides several advantages, as
it is closely intertwined with the overlying cartilage to form a functional unit. This
approach is important because unlike cartilage tissue, the subchondral bone is rich in
osteochondral progenitor cells within the bone marrow and has a good nutrient supply
thanks to its vascular system, which can naturally provide the required nutrients.

femur bone marrow

synovial

subchondral bone
membrane

chondrocytes

cartilage

Figure 1. An overview of the osteochondral unit in a mouse knee. Left the representation of
the knee joint containing the femur, tibia and synovial membrane. Right a zoomed in section of
the knee joint showing the composition of the osteochondral unit that consists of the cartilage
layer and subchondral bone. A safranin-O staining representing the cartilage in red and bone in
light blue.

Exploring options for osteochondral repair: current approaches and

their challenges

Osteochondral defects are a significant clinical challenge in the field of orthopedics,
as they can cause pain and lead to the development of early-onset osteoarthritis if
left untreated. In order to repair osteochondral defects, various treatment methods
have been developed. One approach to repair is the use of bone marrow stimulation
techniques such as microfracture, which creates access to the bone marrow and
allows for the migration of bone marrow-derived Mesenchymal Stromal Cells (MSC)
to the site of the defect . MSC migration is an important step in the repair process,
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as MSCs must first migrate to the site of the defect before they can begin the process
of cartilage formation 2. MSCs have the ability to differentiate into cells from the
adipogenic, osteogenic, and chondrogenic lineages, making it a potential cell source
for osteochondral repair . However, a drawback of this method is that the newly
formed tissue often consists of fibrocartilage, which has inferior mechanical and
biological properties compared to native cartilage ». It appears difficult to regenerate
hyaline cartilage through bone marrow stimulation. Another challenge in using the
osteochondral approach to repair joints involve the regeneration of two different
tissue types, bone and cartilage. Ensuring that these tissue types remain separate and
preventing endochondral ossification in the cartilage layer are crucial aspects of this
approach. There is a need to regenerate more durable osteochondral tissue.

Another approach to osteochondral repair is the transplantation of (multiple)
osteochondral plugs. Osteochondral autograft transfer system (OATS) and
osteochondral allograft transplantation are used to repair damaged cartilage and
bone in joints. In OATS, a small plug of healthy cartilage and bone is transferred
from a non-weight bearing area of the joint to the damaged area *. In osteochondral
allograft transplantation, healthy cartilage and bone from a donor is transplanted to
the damaged area ¥. One of the main challenges in osteochondral transplantation
is the difficulty in achieving long-term integration of the transplanted tissue with
the surrounding host tissue 2. Another challenge is the variation in thickness of the
cartilage that differs based on the location in the joint. This can all lead to a lack of
stability and functional improvement in the affected joint. The migration of MSCs and
chondrocytes from the surrounding host tissue into the osteochondral transplant can
contribute to the stability and functional improvement of the transplanted tissue.

A third approach is the use of cell-based therapies, which involve the transplantation
of cells into the site of the defect. These cells can be autologous (derived from
the patient) or allogeneic (derived from a donor) and can include chondrocytes or
MSCs. Autologous chondrocyte implantation (ACI) is a common treatment modality
that involves the removal of healthy cartilage from a non-weight bearing area of the
joint, followed by the isolation and multiplication of chondrocytes in a laboratory
¥ These chondrocytes are then implanted into the damaged area. Matrix-induced
autologous chondrocyte implantation (MACI) is a further development of ACI, in which
the isolated chondrocytes are embedded in a biocompatible matrix before being
implanted into the damaged area. ACl and MACI require a two-step surgical procedure
involving the isolation, expansion, and reimplantation of cells under a periosteal flap
or scaffold, while subchondral drilling and transplantation can be performed in a
single step procedure. Furthermore, cell-based and transplantation therapies can

13



14 | Chapter 1

be costly and face regulatory issues *. In contrast, these issues are avoided with
techniques that do not require the harvesting of autologous cells or tissues.

One of the main goals in osteochondral repair is to stimulate the body’s natural healing
abilities in order to restore native tissue properties. While current approaches such
as microfracture and autologous matrix-induced chondrogenesis have shown some
success in stimulating the body’s own cells to regenerate damaged tissue *"*, there
is still a need to explore new and more effective options for promoting regeneration
and repair of osteochondral tissue. Regenerative medicine and tissue engineering are
promising fields that may provide alternative or additional approaches for repairing
damaged osteochondral tissue. The experts in cartilage repair share the common
believe that the future of cartilage repair lies in the use of single-stage procedures
using autologous chondrogenic cells *. In this context, understanding and promoting
the migration of the body’s own cells to the site of the defect is a key aspect for the
success of cartilage repair procedures.

Inflammation and osteochondral defects: a complex interplay in
tissue repair

In joints affected by osteochondral defects, elevated levels of pro-inflammatory
cytokines such as TNF-a, IL-1, and IL-6 have been found in the synovial fluid .
Inflammatory cytokines have been identified as crucial regulators of the chemotactic
migration and homing of MSCs towards sites of injury *”*®. Nevertheless, these mediators
can have a detrimental effect on tissue repair, and their presence can be exacerbated
by surgical interventions *. The precise mechanisms by which inflammation impacts
cartilage repair are not fully understood. It is known that inflammation is a necessary
step in the wound healing process and that the absence of pro-inflammatory mediators
have been shown to impede bone healing “°. However, it is crucial for the inflammatory
response to be resolved in order to prevent negative effects such as impaired wound
healing and scar formation *'. Treatment of older cartilage defects, which tend to be
associated with a more chronic inflammatory state, results in a poorer quality repair
tissue “#**, These findings suggest that inflammation is initially required for tissue
repair, but its resolution or reduction is necessary for optimal repair to occur.

The synovial membrane, also referred to as synovium, is a highly vascularized lining
of the joint that produces synovial fluid that lubricates and nourishes the cartilage. It
plays a critical role in inflammation and wound healing in injured or osteoarthritic joints
44 _Under normal conditions, the synovium of a healthy joint comprises macrophages
and synovial fibroblasts. However, during joint inflammation, other immune cells such
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as neutrophils, T cells, and dendritic cells, can infiltrate the synovium “. Neutrophils
and macrophages are key players in inflammation and wound healing . Neutrophils,
which are also known as polymorphonuclear leukocytes (PMN), are the most abundant
immune cells in the human body. They are the first responders to a site of injury and
initiate the inflammatory response through the secretion of chemokines, reactive

oxygen species (ROS), and neutrophil extracellular traps (NETs) “®'

. Later on,
recruitment and differentiation of monocytes and macrophages occur *2. In the field of
tissue engineering, macrophages have attracted significant attention because of their
contribution to tissue repair and regeneration *. These cells can adapt their phenotype
depending on the microenvironment, polarizing to pro-inflammatory-, repair-, or

*. It has been demonstrated that the presence of

anti-inflammatory macrophages
pro-inflammatory macrophages can negatively impact the process of chondrogenesis
. Moreover, in vitro models of chondrogenesis have indicated that the addition of
pro-inflammatory factors can impede the formation of cartilage tissue *. In contrast,
the presence of anti-inflammatory macrophages, those with a repair-promoting
phenotype, and anti-inflammatory factors, such as transforming growth factor beta
(TGF-beta) and corticosteroids, have been shown to stimulate chondrogenesis in in
vitro studies . As a potential therapeutic option for osteochondral defect repair,
inhibition or reduction of inflammation may improve cartilage repair, however, it is
unknown whether this would affect the migration of MSCs to the defect site in the
early phase of the repair process. A better understanding of the role of inflammation
in osteochondral repair might lead to the development of more effective treatments.

neutrophils

anti-inflammatd inflammatory factors

macrophages

pro-inflammato
macrophages

synovium “}i

cartilage

bone

joint with osteochondral defect

Figure 2. A schematic overview of inflammation in osteochondral defect repair. On the left is
shown some of the inflammatory cells (macrophages in red and green, neutrophils in purple) in the
synovium that secrete inflammatory factors into the joint and eventual repair environment. Right
is a zoomed in image of the defect with MSCs migrating towards the defect and the local presence
of the inflammatory factors that might influence this process.
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Anti-inflammatory drugs, such as corticosteroids, are widely used clinically to reduce
inflammation . The corticosteroid triamcinolone acetonide (TAA) is frequently used
to reduce the symptoms of osteoarthritis (OA) ¢'. However, the potential catabolic
effects of TAA on cartilage remain a topic of ongoing debate and ongoing research.
Clinical studies have yielded conflicting results, with some finding no detrimental
effects of TAA on radiologic progression of joint space narrowing after 2 years ®, while
others have reported greater cartilage volume loss in patients treated with TAA . A
systematic review that combined clinical, in vitro, and in vivo studies, suggested that
the effects of corticosteroids on articular cartilage are time- and dose-dependent,
with low doses and short durations showing a beneficial effect while higher doses and
longer durations were associated with detrimental effects ®. Furthermore, animal

and in vitro studies have raised concerns about the use of TAA ¢

, with some studies
finding an increase in degenerative changes in response to TAA®’, while others reported
favorable effects ®. These contradictions underscore the need for further research
to understand under which conditions TAA may be beneficial or harmful for cartilage
repair. The increasing interest in the use of anti-inflammatory drugs immediately
after various intra-articular pathologies is driven by the potential to reduce joint
inflammation and mitigate long-term effects such as post-traumatic osteoarthritis
.70 Despite extensive research on the effects of anti-inflammatory medication on the
synovium, cartilage, and bone, the impact on the migration of repair cells remains an
area of ongoing investigation and further clarification is needed "2,

Biomaterial-guided tissue healing in osteochondral repair:
navigating challenges in cell migration

The utilization of biomaterials for guiding tissue healing in cartilage repair is a promising
strategy ”. This approach leverages the use of a matrix to promote growth and tissue
formation, which should lead to improved mechanical properties and increased
structural integrity of the repaired tissue. Commercially available biomaterials have
been used in a variety of clinical applications, including cardiovascular devices and

7475 When biomaterials were first introduced, the focus was

orthopedic implants
on the replacement of human tissue or function without inciting adverse reactions.
Over time the focus shifted to the application of biomaterials to repair diseased
or damaged tissue . The ultimate goal of biomaterial-guided tissue healing is the
development of biomaterials that can effectively mobilize the body’s own cells and

stimulate regenerative processes to achieve functional healing.

Biomaterials play multiple roles in tissue engineering, including serving as templates
for stem cells to form new tissue. They provide temporary mechanical support,
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promote cell adhesion, proliferation, and differentiation, and help control the size and
shape of regenerated tissue ”’. Biomaterials can also present physical and chemical
signals that accurately modulate cell function and guide tissue regeneration . The
design of these materials is based on the recognition that mimicking the extracellular
matrix’s structural, mechanical, and biochemical properties will encourage niche cells
to behave like their in vivo counterparts 7. Ideally, a scaffold should be a temporary
structure that is degraded or reabsorbed in a controlled manner as new tissue regrows
% Biomaterial templates can influence cell behavior and function and positively
affect desired tissue formation. Now and in the past several commercially available
scaffolds such as TruFit® BGS Plugs (Smith& Nephew), MaioRegen (Finceramica) and
Agili-C™(CartiHeal) have been used in clinics. However, limited success was reported
as none of these scaffolds have achieved satisfactory durable clinical results and
the TruFit® was even withdrawn from the market for the questionable results ®'.
This highlights the importance of exploring new templates for osteochondral tissue

engineering.

Hydrogels have been investigated as a potential to provide this template and are
a class of biomaterials that can be a suitable option for minimal invasive filling of

complex defects %

. Despite substantial in vitro research on the chondrogenic
properties of hydrogels, these biomaterials have demonstrated a tendency to fail
upon implantation in vivo. This failure is often attributed to challenges in maintaining
the position of the material within the defect because of insufficient fixation, which
hinders integration and limits the potential for cellular invasion 3. Integration of the
biomaterial into the surrounding tissue is primarily achieved through infiltration of
host cells and subsequent matrix deposition ®. As such, cell migration plays a crucial
role in the early phase of an integrative defect repair strategy ®. This concept applies
not only to acellular treatment approaches but also to cell-based or tissue engineering
repair strategies in which cells are encapsulated within a hydrogel ¥. In these cases,
migration of cells (from the host or the implant) is necessary for integration of

8 This underscores the

the repair tissue to the host tissue via matrix deposition
importance of understanding how to enhance cell migration into hydrogels to improve

functional tissue repair.

Hydrogels are often composed of components derived from connective tissue such as
collagen or glycosaminoglycan. Collagen and hyaluronic acid-based hydrogels, such
as gelatin methacryloyl (GelMA), norbornene hyaluronic acid (norHA), and Tyramine
functionalized HA (THA), have attracted attention for their potential use in cartilage
tissue engineering and for the treatment of osteochondral defects ¥. These hydrogel
biomaterials possess chondrogenic potential, making them well-suited for cartilage

17
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repair . However, these materials have shown limited cell migration into the gel
99 which has hindered their clinical success for cell free use in tissue repair. In
an effort to address this limitation, several strategies have been developed. One
such strategy involves changing the crosslinking density of the gel *. The degree
of functionalization (number of crosslinks formed) of a material, has been found
to impact its ability to support capillary-like network formation in endothelial
cells ”. Another strategy is to use a degradable crosslinker, specifically a matrix
metalloproteinase (MMP) cleavable crosslinker, which would enable degradation of
the material and has indeed been shown to promote migration of MSCs embedded in a
l 98

hydrogel *°. A third strategy is to add cell adhesion sites to the hydrogel, which can be

achieved by incorporating collagen or their RGD sites that cells use to adhere to, into

hyaluronan-based hydrogels *'"'

. Despite these efforts, it is still not entirely clear
which physicochemical properties and modifications of hydrogels are most effective
for improving cell migration for the repair of osteochondral defects. This is in part
due to the fact that most studies have focused on a single material or modification,
and different groups use different models for their studies. More research is necessary
to fully understand the factors that promote effective cell migration and hydrogel

integration for osteochondral repair.

Another promising template is a prefabricated scaffold, which can be engineered to
induce specific cellular responses by incorporating biochemical signals that promote
cell ingrowth . This can be achieved by encapsulating chemical attractants and
growth factors for sustained release, to enhance cell migration and/or to influence
matrix deposition. Fibroblasts, endothelial cells, MSCs, and chondrocytes can migrate
towards a variety of biomolecules including bone morphogenetic protein 2 (BMP-2) and
platelet-derived growth factor BB (PDGF-BB) '%>', Therefore, it may be advantageous
to adsorb BMP-2 and/or PDGF-BB onto scaffolds to improve cell migration and enhance
the success of strategies for repairing osteochondral defects. This approach, of using
chemical attractants and growth factors to induce migration of cells to scaffold
material, could be a viable strategy in osteochondral repair.

Understanding the immune response to biomaterials

The outcome of biomaterial-guided tissue repair is closely tied to the body’s innate
immune response, as biomaterials are initially recognized as foreign bodies ™.
Biomaterials have been observed to elicit a wide range of responses, with various
design factors that can modulate this response to foster functional tissue healing or
% Following implantation, the biomaterial comes into contact with

blood and tissue, and proteins from the blood stick to the surface of the biomaterial,

regeneration



Introduction

which activates the innate immune system. These coating proteins mediate the
material’s interaction with the host’s immune system, particularly in recruiting
%4 The early inflammatory response in biomaterial-mediated tissue
repair is characterized by a peak in neutrophil recruitment within the first 24-48
hours post-implantation. Subsequent stages, including monocyte and macrophage
recruitment and differentiation, occur at later timepoints **. Macrophages have
been the subject of considerable attention in the field of biomaterial-guided tissue

repair, particularly regarding their role in tissue healing **. However, the number

neutrophils

of macrophages correlates with the levels of neutrophils present, indicating that
neutrophils are important in the recruitment of macrophages and subsequent stages
of the wound healing response '®. Furthermore, neutrophils play an important role
in the transition from pro-inflammatory to anti-inflammatory macrophages and the
resolution of inflammation '”’. This highlights the need of better understanding of the
role of neutrophils in biomaterial-guided tissue regeneration, and the potential for
targeting these cells in order to achieve successful repair.

Protein adsorption Matrix deposition Fibrous encapsulation

Implantation

Neutrophils

L y
A &L

Figure 3. A schematic representation of the immune response to biomaterials. Neutrophils
are first recruited to the implantation site, then monocytes are recruited and differentiate into
different macrophage phenotypes. Neutrophils play a role in this polarization into different
macrophage phenotypes.
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Aim and outline of the thesis

This thesis focuses on the use of an endogenous approach to stimulate repair
of osteochondral defects. In order to achieve successful repair of the defect, it
is important for mesenchymal stromal cells (MSCs) to migrate to the defect area
(or, in the case of a biomaterial-assisted approach, into the scaffold) and deposit
extracellular matrix (ECM). However, the inflammatory environment present at the
defect site influences MSC migration and ECM synthesis. Biomaterials, which provide
a scaffold for MSC migration and ECM deposition, can also affect the repair process
through the induction of an inflammatory response. Understanding the relationship
between MSC migration, inflammation, and biomaterials is crucial for the optimization
of endogenous repair strategies.

In Chapter 2, we investigate how synovial inflammation, which is often present in
osteochondral defects, influences the migration of bone marrow-derived MSCs and
whether modulating inflammation can improve migration using human in vitro models.
We specifically aim to identify the role of macrophages in MSC migration. Overall, with
this knowledge, we evaluate the potential of incorporating inflammation modulation
into current and future techniques for osteochondral defect repair. In Chapter 3, we
assess the effect of using a corticosteroid as modulator of inflammation to improve
osteochondral repair in a mouse model.

The use of a biomaterial, such as a hydrogel or a scaffold as a support for MSC migration
and matrix deposition, can enhance endogenous repair of osteochondral defects.
However, the introduction of such a “foreign body” can also trigger an inflammatory
response, which can influence MSC migration and the repair process. In Chapter 4,
we study the effect of different hydrogel modifications to enhance cell migration
and tissue formation using a range of in vitro, ex vivo, and in vivo experiments. To
further improve cell migration into a biomaterial a chemoattractant or growth factor
can be used. In Chapter 5, we use a clinically applied porous scaffold and investigate
the effect of adding platelet-derived growth factor (PDGF) and bone morphogenetic
protein 2 (BMP2) to this scaffold on MSC migration and tissue formation using different
ex vivo and in vivo models.

In addition, we examine the inflammatory response triggered by the implantation
of this scaffold. In the inflammatory response caused by a foreign body, such as a
hydrogel or scaffold, both macrophages and neutrophils play an important role.
While macrophages are known to recognize and phagocytose foreign materials, as
well as produce pro-inflammatory cytokines and growth factors, neutrophils have
a key role in transitioning from a pro-inflammatory to an anti-inflammatory/repair
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microenvironment. Since our understanding of the effect of biomaterials on the
functions and regulation of neutrophils is limited, in Chapter 6, we evaluate the
neutrophil response to various biomaterials that can be used for osteochondral repair
using multiple in vitro assays to comprehensively assess the main neutrophil functions.

This thesis concludes with Chapter 7, which discusses the broader implications of
our findings and consider future directions for improving osteochondral defect repair
using biomaterials through the rational control of inflammation. Chapter 8 and 9
contain a summary in English and Dutch.
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ABSTRACT

OBJECTIVE: Inflammation is known to negatively affect cartilage repair. However,
it is unclear how inflammation influences the migration of mesenchymal stromal
cells (MSCs) from the underlying bone marrow into the defect. We therefore aimed
to investigate how synovial inflammation influences MSC migration, and whether
modulation of inflammation with triamcinolone acetonide (TAA) may influence
migration.

DESIGN: Inflamed human osteoarthritic synovium, M(IFNy+TNFa) pro-inflammatory
macrophages, M(IL4) repair macrophages, M(IL10) anti-inflammatory macrophages or
synovial fibroblasts were cultured with/without TAA. Conditioned medium (CM) was
harvested after 24 hours, and the effect on MSC migration was studied using a Boyden
chamber assay. Inflammation was evaluated with gene expression and flow cytometry
analysis.

RESULTS: Synovium CM increased MSC migration. Modulation of synovial inflammation
with TAA further increased migration 1.5-fold(p<0.01). TAA significantly decreased
TNFA,IL1B, and IL6 gene-expression in synovium explants, and increased CD163, a
gene associated with anti-inflammatory macrophages. TAA treatment decreased
the percentage of CD14+/CD80+ and CD14+/CD86+ pro-inflammatory macrophages
and increased the percentage of CD14+/CD163+ anti-inflammatory macrophages in
synovium explants. Interestingly, MSC migration was specifically enhanced by medium
conditioned by M(IL4) macrophages and by M(IL10) macrophages treated with TAA,
and unaffected by conditioned medium from M(IFNy+TNFa) macrophages and synovial
fibroblasts.

CONCLUSION: Macrophages secrete factors that stimulate the migration of
MSCs. Modulation with TAA increased specifically the ability of anti-inflammatory
macrophages to stimulate migration, indicating that they play an important role in
secreting factors to attract MSCs. Modulating inflammation and thereby improving
migration could be used in approaches based on endogenous repair of full-thickness
cartilage defects.

Keywords: macrophages, synovial inflammation, MSC, cartilage repair
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INTRODUCTION

Articular cartilage defects pose a significant clinical challenge in the orthopaedic
field. Cartilage defects of the joint are common and if left untreated can lead to
the development of early-onset osteoarthritis 2. Cartilage defects have a limited
regenerative capacity, as the articular cartilage is avascular 3, combined with an
impaired migration capacity of cartilage cells through the dense extracellular matrix
“5. Therapies involving bone marrow stimulation techniques can partially overcome
this problem by creating access to the bone marrow reservoir. Bone Marrow derived
Stromal Cells (MSCs) are considered as a promising cell type for the repair of damaged
cartilage due to their chondrogenic differentiation potential ®’. However, the migration
of MSCs from the underlying bone marrow and the chondrogenic differentiation will

often have to occur in a chronic inflamed joint environment.

Joint inflammation may inhibit successful cartilage defect repair and without successful
repair cartilage defects can eventually lead to the development of osteoarthritis (OA)
&9 Inflammatory cytokines are produced by the synovium °, the highly vascularized
mucosal lining of the knee joint that is responsible for the production of synovial fluid
that lubricates and nourishes the cartilage '®'". The synovium contains macrophages
that are key players in inflammation and wound healing in injured or osteoarthritic
joints . Depending on the stimuli they receive from their microenvironment,
macrophages can polarize to distinct phenotypes, referred to as pro-inflammatory
macrophages, repair macrophages, and anti-inflammatory macrophages .

inflammatory macrophages inhibit the formation of cartilage in vitro while anti-

Pro-

inflammatory macrophages or repair macrophages stimulate the formation of cartilage
in vitro ™. A potential therapeutic option could be to inhibit or reduce inflammation
to improve cartilage repair. However, it is unknown what the effects of modulating
inflammation would be on the migration of MSCs towards the defect site in an earlier
phase of the repair process.

MSC migration is an essential step in the repair process, because MSCs first need to
migrate into the defect before starting the process of cartilage formation *. Clinically,
migration of MSCs into the defect can be enabled by techniques such as microfracture
'6, With this technique, a direct connection is created between the cartilage defect
and the under lying bone marrow that contains MSCs. This not only connects MSCs
with the defect site, but also with the inflamed intra-articular joint environment.
Inflammation is known to play an important role in the migration of MSCs towards
an injured site "''®. Studies have shown that the migration of MSCs to injured sites
is regulated by chemokines, cytokines and growth factors. These factors have been
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widely investigated and overall have a stimulatory effect on the migration capacity of
MSCs . However, in higher concentrations these factors inhibit MSC migration 2. In
the case of joint inflammation, however, the situation is even more complex due to the
presence of a ‘cocktail’ of pro-inflammatory-, but also antagonistic anti-inflammatory
factors. Therefore, migration cannot be attributed to one specific factor and it is
unknown what reducing joint inflammation would mean for MSC migration.

Anti-inflammatory drugs such as triamcinolone acetonide are used to reduce
inflammation and reduce the symptoms of OA ?'. Over the years there has been an
increasing interest in the use of anti-inflammatory drugs immediately after various
intra-articular pathologies to reduce joint inflammation, synovitis and longer-term

post-traumatic osteoarthritis %

. The effect of anti-inflammatory medication on
the synovium, cartilage and bone have been studied extensively ***. However, the
effect it has on the migration of repair cells remains unclear. In the current study,
we investigated how MSC migration is influenced by conditioned medium produced
by inflamed synovium focusing on the influence of modulating inflammation with
glucocorticoid triamcinolone acetonide (TAA). We hypothesized that the anti-
inflammatory effects of TAA treatment would enhance MSC migration. Further, we
investigated which cell types present in the synovium might be responsible for the

effect.

MATERIALS AND METHODS

Generation of conditioned medium from synovium and synovial
fibroblasts

Synovial tissue was obtained from 9 patients with knee OA (4 female, 5 male, 63 =
8.3 years old) undergoing total knee arthroplasty (Table S1). The synovium samples
were obtained with implicit consent as waste material from patients undergoing knee
replacement surgery (approved by the local ethical committee; MEC2004-322). The
patients had the right to refuse as stated by the guidelines of the Dutch Federation
of Biomedical Scientific Societies (ww.federa.org). Synovium tissue was washed two
times with 0.9% NaCl (Sigma Aldrich, St. Louis, USA), separated from the underlying
fat, cut into small pieces of approximately 50 mg wet weight. Dulbecco’s Modified
Eagle Medium, low glucose (DMEM-LG; Gibco, Carlsbad, USA) supplemented with
1% Insulin-Transferrin-Selenium (ITS Premix, Corning, Tewksbury, USA), 50 mg/mL
gentamicin (Gibco), 1.5 mg/mL amphotericin B (Fungizone; Gibco) was used to culture
the synovial tissue for 24h, using one ml of media per 200 mg of tissue.
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Explants were cultured with or without 1 pM of the anti-inflammatory drug
triamcinolone acetonide (TAA; Sigma Aldrich) at 37 °C. The concentration for TAA was
based on previous studies we performed with human synovium %% . Prior to starting
our study, we used two dosages of TAA (1uM and 10pM) and confirmed that they
were both effective (data not shown). We selected to lowest effective dose of 1uM.
Dimethyl sulfoxide (DMSO; Sigma Aldrich) was used as vehicle control for TAA and
the final DMSO concentration in the cultures was 0.01%. After 24 hours, synovium
was harvested, and either snap-frozen in liquid nitrogen for later RNA isolation, or
digested for flow cytometric analysis. Also, the CM was harvested, centrifuged at
300 g for 8 min to remove the debris, and stored at -80 °C for subsequent Boyden
chamber migration assay (Figure 1). Unconditioned control medium was generated by
incubation of DMEM-LG with 1% ITS, 50mg/ml gentamicin and 1.5 mg/mL amphotericin
B for 24 h at 37 °C, centrifuged at 300 g for 8 minutes, and stored at -80 °C.

Generation of synovium
conditioned medium (SCM)

CD14+ monocytes from

Generation of macrophage
conditioned medium (MCM)

Generation of synovial
fibroblast conditioned
medium

Synovial fibroblasts isolated from
human synovium cultured

human buffy coat refresh

- Level of inflammation and

macrophage composition by
gPCR
- Phenotype of

macrophages present in
synovium by FACS analysis

Syloviam fecie mcM with/without TAA 1M for 24 hours
explants e
f "
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Figure 1. Experimental design on generation of conditioned media and their use in MSC migration assay.
Conditioned medium from 9 synovium donors of which 6 were treated with TAAand DMSO as vehicle
control, 4 monocyte donors and 3 synovial fibroblast donors were generated. Abbreviations: MSC,
bone marrow-derived mesenchymal stem/stromal cell; SCM, synovium conditioned medium; MCM,
macrophage conditioned medium; SFCM, synovial fibroblast conditioned medium; CM, conditioned
medium; TAA, triamcionolone acetonide.

Fibroblast-like synoviocytes were isolated from the synovium as described before %.
Passage 3 cells were seeded at a density of 50,000 cells/cm? in culture medium.
After attachment overnight, the culture medium was removed, cells were washed 3
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times with saline and fresh medium was added containing DMEM-LG (Gibco), 1% ITS
(Corning), 50 mg/mL gentamicin (Gibco), 1.5 mg/mL amphotericin B (Gibco). The
fibroblast-like synoviocytes were cultured for 24 hours in the presence of 1uM TAA
(Sigma-Aldrich) or 0.01% DMSO as vehicle control. After 24 hours the conditioned
medium was harvested, centrifuged for 8 minutes at 300 g and stored at -80°C until
further use in the Boyden chamber migration assay (Figure 1).

MSC migration assay

Human MSCs (1 female, 2 male, 54.3 + 15.7 years old) were isolated by using bone
marrow aspirates from patients with hip OA, undergoing total hip arthroplasty after
written informed consent and with approval by the local ethical committee (Erasmus
MC University Medical Center, The Netherlands, MEC 2015-644 and Albert Schweitzer
Hospital: protocol 2011.07) (Table S2). Nucleated cells from the heparinized bone
marrow aspirates were seeded at the density of 300,000 to 600,000 cells/cm? in
Minimum Essential Medium-Alpha expansion medium (a-MEM; Gibco™) supplemented
with 10% heat inactivated fetal bovine serum (FCS; Lonza), 50 mg/mL gentamicin
(Gibco), 1.5 mg/mL amphotericin B (Fungizone; Gibco), 1 ng/mL fibroblast growth
factor 2 (FGF2; R&D Systems) and 25 pg/mL ascorbic acid-2-phosphate (Sigma-
Aldrich). After 24 hours, non-adherent cells were washed away with PBS containing
2% FCS and adherent cells were further expanded in expansion medium, trypsinized
at sub-confluence and seeded again at a density of 2,300 cells/cm?. Cells were
refreshed twice a week and trypsinized in case of sub confluency and passage-3 (P3)
cells were used for the migration assays. Viability assessed with trypan blue using a
hemocytometer revealed >95% of the MSCs were viable.

Migration assays were performed using a 24-well Boyden chamber setup with cell
culture inserts of 8.0 um pore size (Corning, Tewksbury, USA). For each cell culture
insert 15,000 MSCs were used, suspended in 200 pL DMEM-LG (Gibco, Carlsbad, USA)
supplemented with 1% ITS, 50 mg/mL gentamicin (Gibco), 1.5 mg/mL amphotericin B
(Fungizone; Gibco) and seeded on top of the insert membrane. Conditioned medium
(CM) was thawed on ice and mixed prior to use with a predetermined volume of DMEM-
LG (Gibco, Carlsbad, USA) medium containing 1% ITS Premix (Corning, Tewksbury, USA),
50 mg/mL gentamicin (Gibco) and 1.5 mg/mL amphotericin B (Gibco) corresponding
to a percentage of CM in the final medium (Figure 1). In total 600 pL of medium
containing CM was added in the lower chamber. After 16 hours of incubation in a
humidified incubator of 37°C and 5% CO,, transwell inserts were carefully removed
from the plate as well as the medium inside the insert. The inserts were then washed
with PBS, fixed by 4% formaldehyde for 20 minutes and the non-migrated cells from
the upper part of the membrane were removed with a cotton swab. The cells that
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had migrated to the other side of the membrane were immediately stained with
4’ 6-diamidino-2-phenylindole (DAPI, ThermoFisher). Images of the migrated cells on
the lower part of the membrane were taken at 5 non-overlapping fields of 0.017
cm? from the center, top, bottom, right, and left part of the membrane with a
fluorescent microscope (Leica SP5). For each image, the cell number was counted
using Image-J software utilizing the analyze particles tool. The cell numbers of the 5
fields covered 25% of the total area of the membrane. The cell numbers of each field
were added and this number was converted to match the entire area of the Boyden
chamber membrane (0.33 cm?). The cell number of each membrane was normalized
to the average of the number of cells that migrated in the control conditions. The
average of the unstimulated control conditions was set to 1. Since we had 3-5
samples of unstimulated conditions for each experiment, we also normalised these
unstimulated control conditions for the average and thus show the variation in this
condition.

RNA isolation and quantitative real-time PCR

Snap frozen synovium explants were pulverized with a Mikro Dismembrator (Braun
Biotech International GmbH, Melsungen, Germany) at 3,000 rpm for 30 seconds.
The samples were resuspended in 1 ml RNA-Bee (TelTest, Friendswood, Texas, USA).
Chloroform (Sigma-Aldrich) was added to all samples in a concentration of 200 pL/
mL RNA-Bee. Total RNA from synovium explants was purified by using RNeasy Micro Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNAyield and
purity of samples were determined using NanoDrop ND1000 UV-Vis Spectrophotometer
(Isogen Life Science, Veldzicht, The Netherlands) at 260/280 nm. Purified RNA
was reverse-transcribed to complementary DNA (cDNA) using the RevertAid First
Strand cDNA Synthesis Kit (Fermentas GmbH, Leon-Rot, Germany) according to the
manufacturer’s instructions. Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed with 10 pL of the sample with TagMan® Universal PCR Master
Mix (Applied Biosystems) or Mastermix Plus for SYBR® Green | (Eurogentec) using the
CFX96 Touch™ Real-Time PCR Detection System (Biorad, Hercules, California, USA).
Expression of genes encoding for glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
hypoxanthine phosphoribosyltransferase 1 (HPRT), ubiquitin C (UBC), tumor necrosis
factor-alpha (TNFA), interleukin-18 (IL1B), IL6 (IL6), chemokine (C-C motif) ligand 18
(CCL18), mannose receptor C-type 1 (MRC1), coding for CD206, and CD163 (CD163)
was assessed with qRT-PCR (Table 1). The geometric mean of the genes GAPDH, HPRT
and UBC was used to calculate the BestKeeper index (BKI). There were no significant
differences between the conditions: 0.01% DMSO and treatment with medication did
not interfere with best housekeeper gene levels (data not shown). The relative gene
expression of genes of interest was calculated according to the 2" formula.
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Table 1. List of primers used to detect mRNA levels by qRT-PCR

Gene Forward Reverse Probe
name

GAPDH GTCAACGGATTTGGTCGTATTGGG TGCCATGGGTGGAATCATATTGG CGCCCAATACGACCAAATCCGTTGAC
HPRT TATGGACAGGACTGAACGTCTTG CACACAGAGGGCTACAATGTG  AGATGTGATGAAGGAGATGGGAGGCCA

UBC  ATTTGGGTCGCGGTTCTTG TGCCTTGACATTCTCGATGGT  n.a.
TNFA  GCCGCATCGCCGTCTCCTAC GCGCTGAGTCGGTCACCCT n.a.
IL1B CTAAACA-GATGAAGTGCTCCT TAGCTGGATGCCGCCAT n.a.
IL6 TCGAGCCCACCGGGAACGAA GCAGGGAAGGCAGCAGGCAA  n.a.
CCL18 GCACCATGGCCCTCTGCTCC GGGCACTGGGGGCTGGTTTC  n.a.

MRC1 TGGCCGTATGCCGGTCACTGTTA  ACTTGTGAGGTCACCGCCTTCCT n.a.
CD163 GCAATGGGGTGGACTTACCT TCACCATGCTTCACTTCAACAC  n.a.

Fluorescence activated cell sorting (FACS) of macrophage
phenotypes

Synovial explants were digested for 3 hours at 37°C in Hanks’ Balanced Salt solution
(Gibco) with Ca2+ and Mg2+, containing 2 mg/ml Collagenase IV (Gibco) and 0.2 mg/
ml Dispase Il (Roche, Penzberg, Upper Bavaria, Germany). At the end of digestion
FCS was added to a final concentration of 5% and the cell suspension was filtered
first using a 100 pm filter, and then twice through a 40 pm filter. Cells were then
centrifuged for 8 minutes at 250 g, re-suspended in FACSflow (#342003 BD Biosciences)
and counted. Approximately 200,000 cells were stained for each condition. Cells were
re-suspended in 40 pL of FACSflow and incubated for 15 minutes at room temperature
in the dark with surface antibody (Ab) solutions containing mixes of the following Abs;
CD14 (APC-H7, #561384), CD206 (FITC, #551135), CD163 (PerCP-Cy™5.5, #563887),
CD80 (PECy™7, #561135), and CD86 (PE, #560957) all purchased from BD Biosciences
with dilutions according to manufacturer’s instructions. Cells were fixed in 1.8%
paraformaldehyde for 20 minutes in the dark. Subsequently, cells were re-suspended
in FACSflow and analyzed with FACSJazz (BD Biosciences) and FlowJo Software (Tree
Star, Palo Alto, CA, USA).

Monocyte isolation, polarization and modulation of macrophages

Monocytes were obtained from four healthy male buffy coat donors (Sanquin,
Rotterdam) as previously described ?°. After Ficoll (GE Healthcare, Little Chalfont,
United Kingdom) density gradient centrifugation, peripheral blood mononuclear
cells (PBMCs) were labeled with anti-CD14 magnetic beads (MACS; Miltenyi, Bergisch
Gladbach, Germany) and isolated by MACS. Monocytes were seeded at a density of
500,000 monocytes/cm? in X-VIVO™ medium (Lonza, Verviers, Belgium) supplemented
with 20% heat-inactivated fetal calf serum (FCS; Lonza), 50 ug/mL gentamicin (Gibco)
and 1.5 pg/mL amphotericin B (Gibco). Monocytes were polarized with 10 ng/mL Tumor
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Necrosis Factor-a (TNF-a; PeproTech) and Interferon-y (INF-y; PeproTech) towards a
pro-inflammatory M(TNFa+IFNy) macrophage phenotype, with 10 ng/mL Interleukin-4
(IL-4; PeproTech) toward a repair M(IL-4) phenotype or with Interleukin-10 (IL-10;
PeproTech) towards an anti-inflammatory M(IL-10) phenotype. After 72 hours the
medium with the stimuli was removed and refreshed for another 24 hours with the
addition of 1 pM TAA (Sigma-Aldrich) to modulate their phenotype or 0.01% DMSO as
vehicle control. After this polarization period, the different macrophage phenotypes
were cultured for an additional 24 hours in Dulbecco’s Modified Eagle Medium, low
glucose (DMEM-LG; Gibco) supplemented with 1% ITS Premix (Corning), 50 mg/mL
gentamicin (Gibco), 1.5 mg/mL amphotericin B (Fungizone; Gibco) in the presence
of 1 pM TAA (Sigma-Aldrich) or 0.01% DMSO as a control. We decided on this set-up to
mimic the situation in the joint were inflammatory factors that polarize macrophages
will be present initially when TAA is added. For these last 24h we removed the
polarization stimuli since they would have an effect on BMSC migration, but kept
TAA after we confirmed that the selected dose of TAA did not affect migration. The
macrophage conditioned medium (MCM) was harvested, centrifuged for 8 minutes at
300 g and stored at -80°C until used in the Boyden chamber migration assay (Figure
1).

Statistical analysis

Per each group and donor, 3 to 6 biological replicates have been included, each of
them measured in technical duplicates. The values of the technical duplicates were
averaged before statistical analysis was applied. Gene expression, FACS and Boyden-
chamber migration assay data were analyzed using a hierarchical statistical model;
the linear mixed model. The different conditions were considered a fixed parameter
and the donors (experiments), with the related biological replicates, as a random
factor. Dose-response Boyden chamber migration assay data were analyzed with a
Kruskal-Wallis test with Dunn’s multiple comparison test to analyze the different
doses’. Correlation coefficients were calculated using a Spearmen rho test for non-
parametric data and a Pearson rho test for normally distributed data. All statistical
analysis included two-tailed tests. A P value of < 0.05 was considered to indicate
statistical significance. SPSS statistics package version 27.0 for MAC (SPSS Inc.,
Chicago, IL, USA) was used for all analyses.
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RESULTS

Synovium conditioned medium stimulated MSC migration in a dose
and donor dependent way

The effect of factors secreted by synovium on the migration of MSCs was investigated
by using the conditioned medium of synovium explants (SCM). MSC migration was
significantly stimulated by both 50% and 100% SCM compared to the unconditioned
medium, whereas 10% SCM failed to stimulate migration (Figure 2A). Since there
was no incremental difference between 50% and 100% conditioned medium (P = 0.38)
(Figure 2A), 50% was used for all further experiments described in this paper. SCM
resulted in a donor-dependent increase of MSC migration that varied between 3.5-fold
and 18.4-fold (Figure 2B). To evaluate whether this difference between synovium
donors was dependent on the level of inflammation, we analyzed inflammation-related
gene expression levels. Similar to the migration of MSCs in response to SCM, the level
of inflammation in the synovium explants varied between donors. The expression
levels of TNFA (r=-0.46, P =0.21), IL1B (r = -0.55, P=0.13), IL6 (r = -0.63, P= 0.076),
CCL18 (r=-0.37, P = 0.33), CD206 (r= -0.40, P = 0.29), and CD163 (r= 0.60, P = 0.09)
were not correlated the number of MSCs for these individual cytokines (Figure 2C).

Inflammation of the synovial explants was reduced in response to
anti-inflammatory treatment and this increased MSC migration

To further study the relation between synovial inflammation and the number of
migrating MSCs, TAA was used to investigate how modulation of inflammation would
influence MSC migration. TAA’s efficiency was confirmed by a significant reduction of
the expression of the inflammation-related genes TNFA, IL1B and IL6 in the synovium
(Figure 3A). Then, we investigated MSC migration in response to conditioned medium
from synovium modulated with TAA. First, we showed that the presence of TAA did
not influence the effect of SCM on MSC migration, independent of the dose of both
SCM and TAA (Supplementary Figure 1). We therefore kept TAA in the conditioned
medium for all further experiments. MSC migration was higher in response to medium
conditioned by synovium modulated with TAA compared to unmodulated synovium
(Supplementary Figure 2), resulting on average in a 1.5-fold increase in migration
(95% Cl 0.04-0.94, P = 0.03) (Figure 3B).

Modulation of synovial inflammation with TAA increased MSC
migration through repair- and anti-inflammatory macrophages

To further investigate the contribution of the cell types present in the synovium,
we investigated whether TAA alters the phenotype of the macrophages. Next to
the downregulation of TNFA, IL1B and IL6, pro-inflammatory macrophage markers
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Figure 2. Synovium conditioned medium resulted in a dose- and donor-dependent increase in MSC migration.
A) MSC migration in response to different SCM doses from 3 pooled donors normalized to
unconditioned medium (=negative control). The average number of cells that migrated in the
control condition was 279. B) MSC migration in response to 9 different SCM donors. Each bar
represents the fold increase normalized to the negative control (unconditioned DMEM-LG 1%ITS)
+ SD. The average number of cells that migrated in the control condition was 233. n= 9 donors
in quintuplicate. C) Gene expression level of TNFA, IL1B, IL6, CCL18, CD206, and CD163 relative
to the BKI (GAPDH, HPRT, UBC). Each dot represents 1 of 3 explants from 9 synovium donors.
Abbreviations: SCM, synovium conditioned medium; MSC, mesenchymal stromal cell; BKI,
BestKeeper index.

(Figure 3A), CCL18 and CD206, two repair macrophage markers, were not affected
by TAA treatment (Figure 4A) and the anti-inflammatory macrophage marker CD163,
was increased (Figure 4A). We then evaluated the effect of TAA on the composition
of macrophages in the synovium and observed that TAA treatment resulted in a
significantly lower percentage of CD14+/CD80+ (95% Cl -7.63 to -4.48, P < 0.0001) and
CD14+/CD86+ (95% CI -5.22 to -3.57, P < 0.0001) pro-inflammatory macrophages in the
synovium. On the other hand, the percentage of CD14+/CD163+ (95% Cl 0.42 - 2.64, P
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= 0.008) anti-inflammatory macrophages was significantly higher in synovial explants
modulated with TAA (Figure 4B). This indicates that treating synovial samples with
TAA decreased pro-inflammatory macrophages and increased anti-inflammatory

macrophages.
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Figure 3. Reduced synovial inflammation increased MSC migration.

A) Gene expression level of TNFA, IL1B and IL6 relative to the BKI (GAPDH, HPRT, UBC). Each triangle represents
one sample of 3 explants. Each color represents a different donor (n=6 in total). The line between the dots
represents the difference between the mean of the biological triplicates for the conditions without and with 1
UM TAA for each donor. B) MSC migration in response to conditioned medium from synovium explants modulated
without and with 1 pM TAA. To normalize the data of the different experiments, the average of the conditioned
control condition (SCM) in each experiment was set to 1. The average number of cells that migrated in the
control condition was 3783.The bars represent the mean increase + SD. n = 6 synovium donors in triplicate. Each
synovium donor is represented by a different symbol. Abbreviations: BKI, BestKeeper index; TAA, triamcinolone
acetonide; SCM, synovium conditioned medium; MSC, bone marrow-derived mesenchymal stromal cell.
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A) Expression of repair/anti-inflammatory macrophage-related genes CCL18, CD206 and CD163 is shown relative
to the BKI. Each dot represents one sample of 3 explants. Each color represents a different synovium donor (n=6).
B) The percentages of pro-inflammatory (CD80 and CD86) and anti-inflammatory surface markers (CD163 and
CD206) among CD14+ macrophages in the synovium are shown. Each dot represents one sample of 5 explants.
Each color represents a separate donor (n=6). The lines indicate the difference in the mean of the explants with
and without 1 uM TAA for each individual donor. C) MSC migration in response to conditioned medium from pro-
inflammatory M(TNFa+IFNy), repair M(IL4) macrophages, and anti-inflammatory M(IL10) macrophages compared
to conditioned medium from 1 pM TAA modulated macrophage phenotypes. The average number of cells that
migrated in the control condition was 142. n = 2 batches of 2 pooled monocyte donors (4 donors in total), first
batch in quadruplicate, second batch in quintuplicate. Each batch of 2 donors is represented by a different
symbol. D) MSC migration in response to conditioned medium from synovial fibroblasts and conditioned medium
from 1 pM TAA modulated synovial fibroblasts. The average number of cells that migrated in the control condition
was 150. Each bar represents the fold increase normalized to the negative control (unconditioned DMEM-LG
1% ITS) + SD. n = 3 synovial fibroblast donors in quintuplicate. Each synovial fibroblast donor is represented by
a different symbol. Abbreviations: BKI, BestKeeper index; TAA, triamcinolone acetonide; MSC, bone marrow-
derived mesenchymal stromal cell.

To investigate whether this shift in macrophage phenotype could be responsible for
the increase in MSC migration in response to synovium explants treated with TAA, we
analyzed MSC migration in response to macrophage conditioned medium. Conditioned
medium from all macrophage phenotypes, derived from peripheral blood monocytes,
stimulated MSC migration (Figure 4C). Then we treated macrophages with different
phenotypes with TAA and evaluated the effect of their conditioned medium on MSC
migration. Conditioned medium from repair M(IL4) and anti-inflammatory M(IL10)
macrophages treated with TAA increased MSC migration 2 to 3-fold compared to
untreated macrophages (95% Cl 18.10 - 42.28, P = 0.00009 and 95% Cl 3.19 - 30.80, P =
0.019) (Figure 4C). Modulation of pro-inflammatory macrophages M(TNFa.+IFNy) with
TAA did not result in a change in MSC migration (Figure 4C). In addition, modulation
of synovial fibroblasts (the other main cell type of synovium) with TAA did not increase
MSC migration (Figure 4D). These results indicate that the increase in MSC migration
in modulated synovial samples is probably through the specific role of repair M(IL4)
and anti-inflammatory M(IL10) macrophages.

DISCUSSION

The first step in endogenous cartilage repair strategies is the recruitment of
progenitor cells that can generate the repair tissue. In joints with a cartilage defect,
the intraarticular joint environment is often disturbed and characterized by synovial
inflammation *. In this study, we assessed how modulation of synovial inflammation
influences MSC migration and elucidated the role of different cell types present in the
inflamed synovium. We found that reducing synovial inflammation with TAA increased
MSC migration in vitro, and that this stimulatory effect appears to be mediated by
repair- and anti-inflammatory macrophages.
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In our study, conditioned media from all macrophage phenotypes dose-dependently
increased MSC migration, indicating that the macrophages secrete factors that can
stimulate MSC migration. Since macrophages are the most abundant cell type in the
synovium, they play an important role in the disturbed homeostasis in a joint with a
cartilage defect. To drive the joint environment to a more favorable cartilage repair
environment we modulated the macrophages with TAA. To our knowledge, this is
the first study that shows how modulation of synovial inflammation may enhance
progenitor cell recruitment to the defect site, with a proposed key role for anti-
inflammatory macrophages. The observation that TAA increases repair- and anti-
inflammatory macrophages present in the synovium is in line with a study showing
that the phenotype of macrophages in the synovium can be modulated towards an
anti-inflammatory phenotype upon using dexamethasone ¥ and a study on an acute
lung injury mouse model that showed that methylprednisolone reduced the number
of pro-inflammatory macrophages and increased the number of anti-inflammatory
and repair macrophages *'. Since these studies used a different glucocorticoid, this
indicates that the overall effect of glucocorticoids on macrophage phenotype is
similar.

An increase in anti-inflammatory and repair macrophages can occur through a
change in the polarization state of pro-inflammatory macrophages into a more
anti-inflammatory phenotype. We observed a decrease in the percentage of pro-
inflammatory macrophages and at the same time an increase in anti-inflammatory
macrophages, indicating that the polarization state of the macrophages might have
changed. Our results are supported by a study that reported a decrease in CD80+ cells
and an increase in CD163+ cells upon treatment with TAA *. In addition, glucocorticoids
may stimulate the differentiation from naive monocytes into an anti-inflammatory
macrophage phenotype *. We cannot discriminate between the mechanisms that could
be responsible for the increase in anti-inflammatory macrophages in the synovium and
decrease in pro-inflammatory macrophages, and it will most likely be a combination
of these two. Whether these mechanisms play a role when glucocorticoids are applied
to the joint in vivo, remains to be investigated. Moreover, glucocorticoids have been
shown to inhibit the migration of pro-inflammatory macrophages and stimulate the

33,34

migration of anti-inflammatory macrophages , which can play an additional role

when glucocorticoids are applied in vivo.

Mesenchymal stromal cells have been shown to be attracted to sites of inflammation,
in studies ranging from skin wounds to tumor environments **, Many of the factors
present in a joint with a cartilage defect have been widely investigated on an
individual basis and overall have a stimulatory effect on the migration capacity of
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MSCs °. However, joint inflammation cannot be attributed to a single factor, but is
much more complex and most likely a ‘cocktail’ of factors that contain both pro-
inflammatory and anti-inflammatory factors. Therefore, it might not be the best
option to focus on the inhibition or stimulation of one specific cytokine, but rather
on modulating this ‘cocktail’ of factors. By using TAA we demonstrated to inhibit
multiple pro-inflammatory markers and stimulated anti-inflammatory markers.
This effect is likely to alter the ‘cocktail’ of factors, which is supported by a study
showing that intraarticular glucocorticoid treatment reduced synovial cell infiltration
and proinflammatory cytokine expression in chronic arthritis ¥. The change in pro-
inflammatory and anti-inflammatory factors could contribute to a more favorable
joint environment that in turn might attract more MSCs from the bone marrow.

TAA itself had no direct effect on the migration of MSCs from bone marrow. This data
is at odds with the previous findings that described TAA inhibited cell migration of
tenocytes and outgrowth of ligament and synovial capsule cells ***. However, in those
studies, the exposure to TAA varied from 4 to 14 days and was thereby much longer than
the 16 hours in our study and the shorter exposure to TAA of 4 days was shown to give
less inhibition of cell migration . Nevertheless, this knowledge should be considered
when using TAA in a clinical setting, since after intra-articular injection TAA could be
detected up to 15 days “°. Moreover, a recent case report suggested that high dose
of steroids injected intra-articulary could transiently compromise the chondrogenic

“1, Also, there is an ongoing debate amongst the

capacity of MSCs from synovium
effect TAA has on the articular cartilage. The current evidence is conflicting and shows
both beneficial and detrimental effects on the cartilage “. Therefore, it might be of
value to explore whether other drugs can also successfully reduce inflammation and

improve MSC migration.

After stimulation of migration of bone marrow derived MSCs by surgically making holes
from the cartilage defect into the subchondral bone, chondrogenesis and subsequent
cartilage tissue formation should take place in endogenous cartilage repair procedures
“, Progenitor cells from synovium can also play a role in cartilage repair too *. Although
it was shown that bone marrow derived MSCs migrate roughly 3x more than synovium
derived MSCs in response to 10% FCS. This difference in migration capacity indicates
that bone marrow derived MSCs might be more important in migration towards the
defect site than MSCs from the synovium *, future studies should explore whether the
difference in migration capacity also exists in response to synovium secreted factors.
Pro-inflammatory factors are known to inhibit the chondrogenic capacity of MSCs in

46,47

vitro . Further, the conditioned medium obtained from inflamed osteoarthritic

synovium reduced the chondrogenic capacity of MSCs, and this effect was assigned
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predominantly to proinflammatory macrophages in the synovium “. The transition
from pro-inflammatory macrophages towards anti-inflammatory macrophages
might, besides increasing the migration of MSCs, also be beneficial for the cartilage
formation capacity. Moreover, anti-inflammatory/repair macrophages might even
enhance the cartilage forming capacity of MSCs ™. This implicates that modulating
pro-inflammatory macrophages towards a more anti-inflammatory phenotype could
be a promising tool to improve the success of endogenous cartilage repair strategies.
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Table S1. List of synovium donors

Donor Sex Age (years)
1 57
73
69
72
53
68
62
50
63

© ® N o U A W N
mTTT T T T T MMM

Table S2. List of MSC donors

Donor Sex Age (years)
1 M 23
2 F 69
3 M 71
25+

N
o

-
(3]

T

-
o
2

fold increase normalised to negative control
[3,]

o

negative TAA 1uM TAA 10 uM TAA1pM TAA 10 uM
control 10% SCM 10% SCM 10% SCM 50% SCM 50% SCM 50% SCM

Supplementary Figure 1. The presence of TAA in SCM did not affect MSC migration.

MSC migration in response to 3 different SCM donors. Each bar represents the fold increase normalized to the
negative control (unconditioned DMEM-LG 1% ITS) + SD. Abbreviations: SCM, synovium conditioned medium; TAA,
triamcinolone acetonide; MSC, mesenchymal stromal cell.
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Supplementary Figure 2. MSC migration increased when synovial explants were treated with
TAA.

A) MSC migration in response to 6 different SCM donors compared to conditioned medium from the same donor
modulated with 1uM TAA. The bars represent the mean increase + SD. n = 6 donors in triplicate. Abbreviations:
SCM, synovium conditioned medium; TAA, triamcinolone acetonide; MSC, mesenchymal stromal cell.
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ABSTRACT

BACKGROUND: Cartilage defects result in joint inflammation. The presence of pro-
inflammatory factors has been described to negatively affect cartilage formation.

PURPOSE: We aimed to evaluate the effect and timing of administration of
triamcinolone acetonide (TAA), an anti-inflammatory drug, on cartilage repair using
a mouse model.

STUDY DESIGN: Controlled laboratory study

MATERIALS & METHODS: A full-thickness cartilage defect was created in the trochlear
groove of 10-week-old male DBA/1 mice (n=80). Mice received an intra-articular
injection of TAA or saline on day 1 or 7 after induction of the defect. Mice were killed
on day 10 and day 28 for histological evaluation of cartilage defect repair, synovial
inflammation and synovial membrane thickness.

RESULTS: Mice injected with TAA had significantly less synovial inflammation at day
10 than saline-injected mice independent of the time of administration. At day 28,
the levels of synovitis dropped towards healthy levels, nevertheless the synovial
membrane was thinner in TAA than in saline-injected mice, reaching statistical
significance in animals injected on day 1 (70.1um+31.9 vs. 111.9+£30.9, P=0.01) but
not in animals injected on day 7 (68.2um=+21.86 vs. 90.2um=+21.29, P=0.26). A thinner
synovial membrane was moderately associated with less filling of the defect after 10
and 28 days (r=0.42 and r=0.47, P=0.02 and P=0.01). Whereas ten days after surgery,
there was no difference in the area of the defect filled and the cell density in the
defect area between saline and TAA-injected knees, filling of the defect at day 28
was lower in TAA than in saline-injected knees for both injection time points (day 1
injection P=0.04, day 7 injection P=0.01). Moreover, there was less collagen type Il
staining in the filled defect area in TAA than in saline injected knees after 28 days,
reaching statistical significance in day 1-injected knees (2.6%vs.18.5%, P=0.01), but
not in day 7-injected knees (7.4%vs.15.8%, P=0.27).

CONCLUSION: Intra-articular injection of TAA reduced synovial inflammation, but
negatively affected cartilage repair. This implies that inhibition of inflammation may
inhibit cartilage repair or that TAA has a direct negative effect on cartilage formation.
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CLINICAL RELEVANCE: Our findings show that TAA can inhibit cartilage defect repair.
Therefore, we suggest not to use TAA to reduce inflammation in a cartilage repair
setting.

Keywords

cartilage defect, inflammation, corticosteroids, anti-inflammatory agents

What is known about the subject

Cartilage defects result in joint inflammation. The presence of pro-inflammatory
factors has been described to negatively affect cartilage formation. However,
the effect of reducing inflammation on cartilage defect repair, has not well been
investigated. Corticosteroids are used to inhibit inflammation in OA. The effect of
TAA, a clinically approved corticosteroid, on endogenous repair of a cartilage defect
in vivo is not clear.

What this study adds to existing knowledge

This study describes the effect TAA has on repair of a cartilage defect in vivo and
whether it is useful to augment cartilage defect repair techniques with an anti-
inflammatory component. Although TAA inhibits inflammation associated with the
presence of cartilage defects, tissue repair is compromised. Caution is advised in
the use of corticosteroids to reduce inflammation with the aim to improve cartilage
repair.
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INTRODUCTION

Articular cartilage is a highly specialized tissue that serves as a low-friction gliding
surface and acts as a shock absorber to minimize peak pressures on the subchondral
bone **. Cartilage damage can occur during degenerative joint diseases or as a result
of trauma """®*®, As articular cartilage has a limited capacity for self-repair, untreated
cartilage defects have been implicated as a risk factor for the development of
early-onset osteoarthritis ®'. Furthermore, cartilage injuries evoke an inflammatory

response that can remain for a long time "',

High levels of pro-inflammatory cytokines, such as TNF-a, IL-1, and IL-6, are found in
joints with cartilage defects “**'. The presence of these mediators can negatively affect
cartilage formation '>'’; however, it is not only the injury itself, but also the surgery
involved in cartilage repair strategies that will lead to an inflammatory response
in the joint *. Yet, the role of inflammation in cartilage repair is not completely
understood. In wound healing, inflammation is the first step in the repair process,
and in fracture repair, the absence of pro-inflammatory mediators leads to impaired
bone healing *. On the other hand, prolonged inflammation results in impaired wound
healing and increased scar formation . Furthermore, a selective pro-inflammatory
cytokine inhibitor (IL-1Ra) reduced cartilage degeneration and synovitis in an intra-
articular fracture model *, and knee pain and dysfunction in a clinical study in ACL
patients %. These findings have led to the view that inflammation is initially needed,
but then needs to be resolved to achieve optimal tissue repair.

To reduce inflammation, an anti-inflammatory drug can be used. Triamcinolone
acetonide (TAA) is a corticosteroid and a potent anti-inflammatory drug. It is often
injected intra-articularly to reduce the symptoms of knee osteoarthritis (OA) *2.
Also, it is acknowledged that glucocorticoids promote chondrogenic differentiation
of human bMSCs by enhancing the expression of cartilage extracellular matrix genes
8, However, there is controversy about its potential catabolic effects on the cartilage
22 as TAA might increase cartilage loss in knee OA ¥, inhibit glycosaminoglycan (GAG)
production ?', and be chondrotoxic to chondrocytes **. Moreover, Wernecke et al
concluded in their systematic review that corticosteroids seem to have a time- and
dose-dependent effect on articular cartilage. They suggested that a beneficial effect on
cartilage has been described at a low dose and shorter duration, whereas detrimental
effects were found with higher doses and longer duration *. This highlights the need
to understand clearly under what conditions TAA may be beneficial or harmful in
endogenous cartilage defect repair.
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In the current study, we investigated the effect of the anti-inflammatory drug TAA
on endogenous cartilage repair in a murine cartilage defect model. Moreover, we
investigated whether the timing of TAA treatment would influence inflammation and
cartilage defect repair.

MATERIALS & METHODS

Animals

Male DBA/10laHsd mice were purchased from Envigo, part of Jackson Laboratory
(Horst, The Netherlands). After transportation, mice were allowed a seven-day
acclimatization period. All mice regained normal behavior within 24 hours after
transportation. Mice were housed under specific pathogen-free (SPF) conditions in
groups of three or four per individually ventilated cage (IVC). They were maintained
under a 12 hours light-dark cycle at 21 °C and fed a standard rodent diet with food
and water ad libitum.

The study was carried out following the ARRIVE guidelines. Animal protocols and
surgical procedures in this study were approved by the Institutional Animal Care
and Use Committee (Erasmus MC University Medical Center, The Netherlands,
AVD101002016991, AEC 16-691-01).

Experimental outline

Full-thickness cartilage defects were surgically created as described below on day zero
in the left knee of ten-week-old male DBA/1 mice (n=80) with a mean weight of 21.3g
+ 1.8. Young mice were chosen because of their ability for consistent healing of the
articular cartilage, whereas older mice could not repair cartilage '°. Cartilage repair
was evaluated by histology after four weeks. Injections with TAA or saline (control)
were either administered one day or seven days postoperatively to investigate the
effect of timing of anti-inflammatory therapy resulting in four experimental groups
(Figure 1). To obtain further insight in the repair process cellularity and early tissue
formation were assessed after 10 days. Here, all animals received an intra-articular
injection on both day one and seven; in the experimental groups with one of them
being TAA, in the control group both with saline. This set-up gave a 50% reduction
of the number of animals in the control group. Mice were randomly allocated to
experimental groups. The number of animals per group was determined using a power
calculation based on previous results ¥. The time points for injection at one and
seven days postoperatively were chosen based on previous research. Synovitis levels
were found to peak after 7-14 days after induction by an inflammatory stimulus®.
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The chosen time points therefore represent two phases of inflammation, a very early
stage of inflammation (1 day after defect creation) and around the peak (7 days after
defect creation).

Male DBA/10laHsd mice

Procedure Outcome
Full-thickness cartilage
defect creation Day 0
TAA/saline* Day 1
and/or
saline/TAA* Day 7
DayI 10 synovial inflammation
| defect repair
Day 28 synovial inflammation
defect repair
collagen type Il
*n = 11-12/group

deposition

Figure 1. Overview of the experimental setup

Surgical procedure

The procedure was performed during day time in the animal facility operative theatre.
One hour before surgery, all mice received a subcutaneous injection of buprenorphine
hydrochloride 0.05 mg/kg (Temgesic; Indivior Europe Limited) for analgesia. Mice
were anesthetized with an isoflurane/02 mixture, positioned on a warmed plate,
and a full-thickness cartilage defect was surgically created as previously described
by one experienced surgeon (WW) that was blinded to the treatment group '““. In
short, a full-thickness cartilage defect of 250um in length and 150um in width was
made in the intercondylar notch along the patellar groove using a 25 gauge (25G)
hypodermic needle (BD Bioscience). The procedure was regarded as successful when
evident bleeding of the subchondral bone was observed. The joint capsule was closed
with two resorbable 6-0 Vicryl (Ethicon; Johnson&Johnson) and checked for patellar
stability during flexion and extension motion. Full weight-bearing was allowed after
recovery from anesthesia. All mice recovered quickly from the anesthesia.

Intra-articular injection

Intra-articular injections of 25 pg TAA suspended in sterile 0.9% saline (Kenacort;
Bristol Myers Squibb), or sterile 0.9% saline (as vehicle control) were infused into the
operated knee one day and/or seven days post-surgery. The concentration was based
on previous rodent studies %%, Under isoflurane/02 anesthesia with the mouse in
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a supine position, the knee was fully extended and kept in place by surgical forceps.
A small skin cut was made to expose the patellar tendon and joint capsule sutures. A
30uL precision glass syringe (Hamilton Company) with a 30G needle (BD Bioscience)
was used to inject 6L into the joint space. In each experiment all injections were
performed by one person who was blinded to the treatment group. A second person
assisted the injections by preparing all mice and injection fluids for the author
performing the injections to ensure blinding of the injecting person.

Tissue processing

At the experimental end-point, animals were euthanized under anesthesia by cervical
dislocation. Directly after euthanizing and removal of the skin, both hind legs were
dissected below the hip and above the ankle. After removal of the subcutaneous fat
and muscles, the knees were fixed in 4% formaldehyde for seven days, followed by
two weeks of decalcification in 10% ethylenediaminetetraacetic acid (EDTA), pH 7.4.
Samples were further processed by dehydration and infiltration with paraffin. The
femoral axis was adjusted to be upright against the embedding surface according
to the method by Eltawil et al. °. Subsequently, 6 pm-sections were cut using a
microtome (Leica RM-2135; Leica Microsystems). Per knee, six sections at a distance
of 100um were used. As a landmark for section level, cross-section of the growth plate
in four points was used. Each section was stained with hematoxylin and eosin (H&E,
Sigma-Aldrich) to assess cell morphology and reconstitution of the osteochondral
junction. Additionally, a Thionine staining (0.04%, Sigma-Aldrich) was used to analyze
the filling of the defect and matrix staining intensity, representative of the amount
and distribution of glycosaminoglycan (GAG). Sections from the day 28 endpoint
were immunostained with a primary antibody against the cartilage matrix protein
collagen type Il (mouse anti-human, 1:100 dilution, II-11/116B3; Developmental Studies
Hybridoma Bank). In short, antigen retrieval was performed using pronase 1mg/
mL (Sigma-Aldrich) PBS (Sigma-Aldrich), followed by hyaluronidase 10mg/mL PBS
(Sigma-Aldrich). To prevent cross-reaction with mouse antigens the primary coll-ll
antibody was pre-incubated overnight with a biotin-SP F(ab),-labeled goat anti-mouse
antibody (#115-066-062;Jackson ImmunoResearch Europe). After incubation an
alkaline-phosphatase-avidin labeled antibody was used (Biogenex Laboratories, CA,
USA), which combined with the Neu Fuchsine substrate resulted in pink staining.
An isotype IgG1 monoclonal antibody was used as a negative control. All sections
were stained in one batch to reduce staining variation between different samples.
Slides were imaged using a 40x objective on a slide scanner (NanoZoomer C9600-
12; Hamamatsu Photonics) and processed using NanoZoomer Digital Pathology Image
software (Hamamatsu Photonics). Knees with a patella dislocation (determined on
histology) were excluded from the analysis.
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Evaluation of cartilage repair

All knees were scored using the validated semiquantitative histological scoring system
for articular cartilage repair developed by Pineda et al. *. The Pineda score contains
the following subdomains: filling of the defect, reconstitution of the osteochondral
junction, matrix staining, and cell morphology. A score ranging from 0-4 is given to the
subdomains filling of the defect, matrix staining, and cell morphology. Reconstitution
of the osteochondral junction is scored between 0 and 2, resulting in a total histologic
score ranging from 0-14, where 0 is the best repair, and 14 the worst. Scoring was
performed independently by two authors (MW & NK), blinded to the experimental
group. Per knee, three different representative sections were scored, resulting in an
average score per knee. The average of the two observer scores was used per animal.
Inter-observer reliability for cartilage repair scores based on absolute agreement was
excellent (interclass correlation coefficient (ICC) 0.96, 95% confidence interval (Cl)
0.92-0.98). The filling of the original defect area was measured using NanoZoomer
Digital Pathology Image software (Hamamatsu Photonics). Collagen type Il deposition
was measured by the area stained positive for collagen type Il, divided by the total
filled area of the defect. The percentages were averaged as described above.

Evaluation of joint inflammation

Joint inflammation was measured by the synovial membrane thickness and Krenn-
scores %7 on the lateral side of the patella-femoral joint using NanoZoomer Digital
Pathology Image software (Hamamatsu Photonics). The lateral side was chosen to
be most representative, because of the arthrotomy and sutures on the medial side.
Per knee, the synovial thickness was measured in three different sections at three
different positions and the average of these nine measurements was calculated. Per
mouse the average of two observers was used for further statistical analyses.

Statistical analysis

Pineda scores were considered as non-parametric data. Differences between groups
were assessed using a Kruskal-Wallis test with post hoc Dunn non-parametric
comparison analysis. Filling of the defect and synovial thickness data were tested for
normality using a Shapiro-Wilk test. All data were normally distributed, described as
mean - SD, and assessed using a one-way ANOVA, followed by post hoc Tukey honestly
significant difference analysis. Correlation values were calculated using the Pearson
rho test in case of normal data distribution. A Spearman rho test was used for non-
parametric data. Inter-observer reliability of all measurements is expressed as (ICC).
A two-way mixed model based on absolute agreement for single measures was used.
ICC > 0.75 is regarded as excellent %. All statistical tests were two-tailed. A P value
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of < 0.05 was considered statistically significant. SPSS statistics package 24.0 for Mac
(SPSS Inc) was used for all analyses.

RESULTS

Seventy nine out of 80 animals reached the end-point without signs of infection or
abnormal behavior. One animal was lethargic, non-responsive, and had a ruffled fur
one day after surgery. Based on these signs and in consultation with the Animal Board,
the animal was euthanized. In some of the operated mice, a limping gait pattern was
observed in the first three days that resolved in all mice within 7 days. Some mice
had a patella dislocation (determined by histology) and were excluded from further
histological analyses. Interestingly the dislocations were not equally distributed over
the groups. For the 28-day time point, six out of 11 mice injected with TAA at day
one had a patella dislocation compared to one out of 11 mice in the saline group (P =
0.02). Also, six out of 11 mice injected with TAA at day seven had a patella dislocation
compared to two out of 11 mice in the saline group. At the 10-day time point only one
mouse (injected with TAA one day after creating the defect) had a patella dislocation,
indicating dislocations most likely developed after this time point.

Intra-articular triamcinolone acetonide injection reduced synovial
inflammation and synovial membrane thickening

To evaluate the effect of TAA on local inflammation in the joint, the thickness of the
synovial membrane and the Krenn-scores were evaluated at days 10 and 28 after
surgery. The synovium was thicker in knees that underwent full-thickness cartilage
defect induction surgery than in non-operated knees (Figure 2). Mice injected with
TAA one day after surgery had a significantly thinner synovial membrane than control
saline-injected mice at day 28 (70.1ym + 31.9 vs. 111.9um + 30.9, P = 0.01, Figure
2), but not at day 10 (124.7um + 20.0 vs. 131.3uym + 22.0, P = 0.80, Figure 2). The
Krenn-scores of the mice injected one day after surgery were lower in mice injected
with TAA than in saline-injected control mice at day 10 (P = 0.017), but not at 28 days
(P = 0.67). Mice injected with TAA seven days after surgery had a thinner synovial
membrane than saline-injected mice at day 10 (103.1pym + 25.2 vs. 131.3pm + 22.0,
P = 0.02, Figure 2A), and at day 28 (68.2 pm + 21.86 vs. 90.2um + 21.29, P = 0.26,
Figure 2B), although this did not reach statistical significance. The Krenn-scores in
the mice injected 7 days after surgery were significantly lower in the TAA injected
than in the saline-injected mice at day 10 (P < 0.0001), and at day 28 (P = 0.005)
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Figure 2. Triamcinolone acetonide reduced synovial inflammation.

A) The thickness of the synovium and the Krenn-score on the lateral side of the patella-femoral joint at day 10
after full-thickness cartilage defect induction surgery. B) The thickness of the synovium and the Krenn-score on
the lateral side of the patella-femoral joint at day 28 after full-thickness cartilage defect induction surgery. C-E)
Representative images of the Krenn scores at day 10 in each group. Mice were injected with TAA or saline 1 and/
or 7 days after surgery. Each bar represents the mean of all defects in the respective group + SD. n=5-10 mice
per group. Abbreviations: TAA, triamcinolone acetonide; pm, micrometer.

Cell ingrowth was not inhibited by triamcinolone acetonide
administration

At day 10, the defect was filled with undifferentiated cells with a spindle-shaped
morphology (Figure 3A). There was no difference in the area of the defect filled
between the saline and TAA groups at day 10 (Figure 3B). Also, the timing of TAA
injection did not affect the filling of the defect (Figure 3B). In addition, the cell
density in the defect area was similar in all groups (Figure 3C). This suggests that TAA
did not affect migration and/or proliferation of cells in the defect.
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Figure 3. Cellularity was not affected by triamcinolone acetonide.

A) Representative images of the highest, median and lowest cell density in the defect at day 10 stratified per
group. B) Area filled relative to the original size of the defect. C) Number of cells per squared micrometer. Each
bar represents the mean of all defects in the respective group + SD. n=11-12 mice per group. Abbreviations: pm,
micrometer; SD, standard deviation.

Cartilage repair was inhibited by triamcinolone acetonide
treatment

The effect of TAA injection on cartilage repair was evaluated with histology. Twenty-
eight days after generation of the full-thickness defect, the tissue filling the defect
consisted of chondrocyte-like cells surrounded by thionine-stained matrix (Figure
4A). The median Pineda cartilage repair score was similar in mice treated after one
day with TAA and in control mice that received a saline injection (8.9 (IQR 5.9 - 8.9)
vs. 8.3 (IQR 5.0-8.7), P> 0.99, Figure 4B). There were no differences between mice
injected with saline, TAA at day one, or TAA at day seven on subdomains of the Pineda
cartilage repair score; restoration of the osteochondral junction, matrix staining
intensity, or cell morphology (Supplementary Figure 1). However, a significantly
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lower percentage of the defect area was filled in mice treated with TAA after one day
than in control mice injected with saline (76.4% + 7.0 vs. 90.4% + 7.4, P = 0.04, Figure
4C). Moreover, a significantly lower percentage of the filled defect area stained
positive for collagen type Il in mice treated with TAA after one day than in control
mice injected with saline (2.6% + 1.5 vs. 18.5% + 9.6, P =0.01, Figure 4D and Figure 5
A,B). In mice treated with TAA after seven days, median cartilage repair scores at day
28 were similar to control mice injected with saline (8.3 (IQR 6.5 - 11.3) vs. 7.0 (IQR
6 - 8.4), P=0.44, Figure 4E). Here, the percentage of the defect area that was filled
was also significantly lower in TAAinjected than in saline-injected control mice (67.8%
+ 17.6 vs. 85.55% + 1.5, P = 0.01, Figure 4F and Figure 5 A,C). Also, a seemingly
lower percentage of the filled defect area stained positive for collagen type Il in mice
treated with TAA after seven days than in control mice injected with saline (7.4% +
12.5 vs. 15.8% + 10.1, P = 0.27, Figure 4G), albeit non-significant due to one outlier.

A moderate correlation was observed between synovial membrane
thickness and defect filling

To investigate the relationship between inflammation and cartilage repair, we
correlated synovium thickness with defect filling. The thickness of the synovial
membrane was moderately associated with the defect filling at day 10 (r 0.42, P =
0.02) and day 28 (r 0.47, P = 0.01, Figure 6). Thickness of the synovial membrane
was not associated with cell density in the filled defect at day 10 (r-0.08), P = 0.69).
Also, the thickness of the synovial membrane and cartilage repair scores were not
associated at day 28 (r -0.18, P = 0.35) and day 10 (r 0.006, P = 0.97). No associations
were found between Krenn score and defect filling, probably due to the limited range
and variation of Krenn scores (0-8).
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Figure 4. Triamcinolone acetonide resulted in less filling and collagen type Il deposition in the
defect.

A) Representative images of the best, median and worst cartilage repair in the control group treated with saline
and groups injected with TAA 1 or 7 days after the creation of a full-thickness defect. The scale bar represents
50 um. B) Cartilage repair (Pineda) score at day 28 and injection at day 1. C) Area filled on day 28 relative to the
original size of the defect in knees injected on day 1. D) Percentage of collagen type Il relative to the filled area
at day 28 in knees injected on day 1. E) Cartilage repair (Pineda) score at day 28 and injection at day 7. F) Area
filled at day 28 relative to the original size of the defect in knees injected on day 7. G) Percentage of collagen
type Il relative to the filled area at day 28 in knees injected on day 7. Box plots represent the 25" and 75™
percentile with the median, the whiskers indicate the maximum and minimum. Each bar represents the mean of
all defects in the respective group. n=5-10 mice per group. + SD. Abbreviations: TAA, triamcinolone acetonide;
um, micrometer; SD, standard deviation.
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Figure 5. Triamcinolone acetonide resulted in less collagen type Il deposition in the defect.
A-C) Representative images of thionin (top) and collagen type Il (bottom) staining at day 28 in the control
group treated with saline and groups injected with TAA at day 1 or 7 after the creation of a full-thickness
defect. Thionin and collagen type Il staining on the same sample are shown. The scale bar represents 50um.
Abbreviations: TAA, triamcinolone acetonide.
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Figure 6. A thinner synovial membrane was moderately associated with less filling of the defect.
A) Scatter plot showing the correlation between synovial thickness and area of the defect filled at day 10. B)
Scatter plot showing the correlation between synovial thickness and area of the defect filled at day 28. Each dot
represents a unique sample. Abbreviations: ym, micrometer.

DISCUSSION

Previous in vitro studies have shown that pro-inflammatory factors inhibit cartilage
formation. However, there have only been a few studies exploring the role of anti-
inflammatory treatment in cartilage defect repair in vivo. Therefore, the purpose of
this study was to evaluate the effect of TAA, an anti-inflammatory drug, on endogenous
cartilage defect repair. Our main finding was that intra-articular injection with TAA in
a murine model for endogenous cartilage repair, reduced synovial inflammation but
also inhibited cartilage repair. After 28 days, we observed less filling of the defect in



Triamcinolone inhibits cartilage repair

knees injected with TAA. After ten days, defect filling was not significantly affected by
TAA treatment. This observation might suggest that TAA does not affect the influx or
proliferation of cells but negatively influences tissue formation in the defect.

To our knowledge, this is the first in vivo study evaluating the role of TAA in a model
of endogenous cartilage defect repair. We observed less filling of the defect and
less collagen type Il deposition after 28 days in knees injected with TAA. Although
there are no studies on the role of TAA in cartilage defect repair, TAA has been used
to study the effect on cartilage in both healthy and OA joints showing conflicting
results. One study found dose-dependent degenerative changes in the cartilage of
healthy rabbit knees after 2-6 weeks of weekly 3mg TAA injections *'. Another study
found more cartilage degeneration indicated by higher Mankin scores in surgical ACLT
and meniscus destabilized rat knees after injection of the extended-release form of
TAA *. These findings can be considered in line with the reduced deposition of type
Il collagen and the reduced filling of the defect we observed. On the other hand,
in a collagenase-induced OA rat model, injection of TAA as bolus nor as extended
release formulation had an effect on cartilage degeneration **. When Frisbie and
colleagues * administered two intra-articular doses of 12mg TAA 13 and 27 days after
surgical induction of osteochondral fractures in equine carpal bones, less cartilage
degeneration, indicated by lower Mankin scores, was found. Interestingly, the effects
were most pronounced if TAA was injected in the contralateral (uninjured) joint
rather than the diseased joint, indicating beneficial effects were most pronounced
at very low concentrations. The extended presence of TAA in the joint and higher
concentrations of TAA in the joint can be detrimental for the cartilage as seen in the
study of Rudnik et al. *, although this may depend on the type of pathology present
in the joint.

In our study mice injected with TAA had less synovial inflammation than saline-injected
mice. This is in line with what is known in literature in arthritis rodent models %**.
Furthermore, in some cases TAAinjection even reduced the inflammation to the healthy
non-operated situation (as demonstrated by a Krenn score of 1), which is in line with
other studies that reported less mononuclear cell infiltration and intimal hyperplasia
in response to TAA 7% We found a thicker synovial membrane to be associated with
more filling of the defect. This association suggests that inflammation has a positive
effect on the filling of the defect. In fracture repair research, knock-out studies in mice
have shown that the absence of inflammation-related pro-inflammatory molecules,
such as TNF-o. and COX-2, lead to a delay in bone healing 2. This implicates that
inflammation is needed to initiate healing. On the contrary, excessive inflammation
was shown to inhibit in vitro MSC chondrogenesis in a model with inflammatory
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factors present from OA joints and from traumatically injured joints "¢

the inflammation by inhibition of IL-1a TAK (oxozeaenol) or JAK (tofacitinib) could
partially restore this inhibitory effect on cartilage formation "**. However, cartilage

. Reducing

formation was shown to be inhibited when anti-inflammatory compounds such as a
protein kinase inhibitor or TNF-a inhibitor was used at an early stage of chondrogenesis
24 This might explain why we observed a decrease in type Il collagen deposition, as
we administered our anti-inflammatory compound at an early stage of new cartilage
formation in the defect site. These findings highlight the challenging balance between
inflammation and cartilage defect repair. We acknowledge, though, that inflammation
is more comprehensive than synovial thickness and mononuclear cell infiltration only.
Serological measurements of the synovial fluid and the composition of inflammatory
cells inside the synovial membrane over time could help to better evaluate the role
of joint inflammation in cartilage repair.

Cartilage repair scores and filling of the defect were slightly worse when the defect
was treated after seven days, albeit non-significant. It is known that the presence
of chronic pro-inflammatory factors can impair chondrogenesis and stimulate
degeneration of newly formed cartilage '»*. Saris et al. showed in an in vivo study
in goats that cartilage repair scores were worse in surgical defects treated late
compared to defects treated immediately after induction ¥. After seven days the
pro-inflammatory factors may have dropped to a lower level reaching a more chronic
inflammatory phase "°. However, it is debatable whether TAA is the right tool to inhibit
acute inflammation at these timepoints. Inflammation is a dynamic process that does
not only occur between day one and seven, but throughout time. A study in horses
that were intra-articularly injected with TAA showed that TAA remained present in the
synovial fluid up to 14 days, whereas it was undetectable in serum after 48 hours °. This
means that TAA administered at day 1 might inhibit inflammation up to 14 days, and
thereby not only the acute inflammation phase but also the chronic phase . Also, the
day 7 injection inhibits this phase resulting in less inflammation after this timepoint.
Therefore, it remains uncertain what the effect is if only the acute phase would be
inhibited. Future studies should explore the role of selectively inhibiting the acute
inflammation phase and the effect on cartilage repair. Based on our results, we can
conclude that TAA inhibited cartilage repair regardless of the time of administration
and neither early nor late administration is advised.

TAA is known to inhibit both tissue outgrowth from ligaments and collagen synthesis
in tenocytes, indicating that TAA can impair wound healing in many respects ***'.
TAA injection in a rat destabilization-induced OA model (ACL transection and partial

meniscectomy) resulted in increased joint instability and subluxations on the longer
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term *. Although patella dislocation is relative frequently occurring after surgical
procedures in mice ¥, its frequency was significantly higher in TAA-injected animals
(P = 0.004). Our results indicate that TAA might have a negative effect on wound
healing of the arthrotomy site thus resulting in patella dislocations. Interestingly, on
day 10 only one out of 24 mice injected with TAA had developed a patella dislocation
implicating that patella dislocations develop after this time point. For mice in the
10-day group the endpoint was only 9 or 3 days after TAA injection and most likely the
arthrotomy sutures would still provide some support. Hence, this time point might
have been too early to observe effects on wound healing. Another explanation might
be that TAA reduced pain in the inflamed joint in the time period 1 - 4 weeks after
administration . This pain reduction might allow mice in the TAA group to move more
freely throughout the study period and causing more patellar dislocations than in the
saline-injected group.

For translation of these results to clinical practice, some limitations of our study need
to be considered. Firstly, with the model chosen we could only study the effect of
reducing inflammation on cartilage repair that relies on the body’s endogenous repair
capacity. It is unclear what the effect will be on procedures like articular chondrocyte
implantation (ACl) and/or transplantation strategies, although based on our study it
seems that TAA mainly affects the production of extracellular matrix. This indicates
that TAA could also negatively influence repair using approaches like ACI. Moreover,
for this study we specifically selected DBA mice of 10 weeks of age, as this strain at
this age has been shown to be most optimal to study modulation of the endogenous
cartilage repair capacity. It is unclear how the results of these young adult mice
will translate to a young or middle-aged patient population with a cartilage defect.
Additionally, although the dose regimen we tested was consistent and translated
from clinical guidelines, we cannot exclude that other dose, timing and or frequency
would have generated a different effect. The model furthermore differs from the
clinical rehabilitation as the animals were allowed to move freely after surgery. This
could potentially affect the stability of the early repair tissue in the defect. In a
clinical situation the patient would be non-weight bearing for the first few weeks
after a cartilage repair procedure. Finally, our focus was mainly on cartilage repair
and inflammation of the joint and we have not measured pain. It would, however, be
interesting to see if TAA could play a role in the postoperative care to reduce pain
after injuring the articular cartilage.

In conclusion, intra-articular injection of TAA reduced synovial inflammation but
inhibited cartilage repair. This implies that inhibition of inflammation with TAA might
not be the right direction to move cartilage repair forward. The thin line between
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the level of inflammation required and optimal cartilage defect repair underscores
the importance of incorporating rational control of inflammation into cartilage repair
strategies. The use of TAA to reduce inflammation after cartilage defect treatment to
improve cartilage repair is therefore not warranted.
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Supplementary Figure 1. Triamcinolone acetonide did not affect the subdomains of the
cartilage repair score.

A) Restoration of the original osteochondral junction at day 28 scored on a scale of 0 (restored) to 2 (not
restored). B) Matrix staining intensity of thionine scored on a scale of 0 (normal) to 4 (no staining). C) Cell
morphology scored on a scale of 0 (normal) to 4 (non-chondrocytic cells). Box plots represent the 25" and
75" percentile with the median, the whiskers indicate the maximum and minimum. n=5-10 mice per group.
Abbreviations: TAA, triamcinolone acetonide.
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ABSTRACT

BACKGROUND/OBJECTIVE: The use of acellular hydrogels to repair osteochondral
defects requires cells to first invade the biomaterial and then to deposit extracellular
matrix for tissue regeneration. Due to the diverse physicochemical properties of
engineered hydrogels, the specific properties that allow or even improve the behaviour
of cells are not yet clear. The aim of this study was to investigate the influence of
various physicochemical properties of hydrogels on cell migration and related tissue
formation using in vitro, ex vivo and in vivo models.

METHODS: Three hydrogel platforms were used in the study: Gelatine methacryloyl
(GelMA) (5% wt), norbornene hyaluronic acid (norHA) (2% wt) and tyramine
functionalised hyaluronic acid (THA) (2.5% wt). GelMA was modified to vary the degree
of functionalisation (DoF 50% and 80%), norHA was used with varied degradability
via a matrix metalloproteinase (MMP) degradable crosslinker and THA was used with
the addition of collagen fibrils. The migration of human mesenchymal stromal cells
(hMSC) in hydrogels was studied in vitro using a 3D spheroid migration assay over
48h. In addition, chondrocyte migration within and around hydrogels was investigated
in an ex vivo bovine cartilage ring model (3 weeks). Finally, tissue repair within
osteochondral defects was studied in a semi-orthotopic in vivo mouse model (six
weeks).

RESULTS: A lower DoF of GelMA did not affect migration in vitro (p=0.390) and led to
a higher migration score ex vivo (p<0.001). The introduction of an MMP degradable
crosslinker in norHA hydrogels did not improve cell infiltration in vitro or in vivo. The
addition of collagen to THA resulted in greater hMSC migration in vitro (p=0.031) and
ex vivo (p<0.001). Hydrogels that exhibited more cell migration in vitro or ex vivo
also showed more tissue formation in the osteochondral defects in vivo, except for
the norHA group. Whereas norHA with a degradable crosslinker did not improve cell
migration in vitro or ex vivo, it did significantly increase tissue formation in vivo
compared to the non-degradable crosslinker (p<0.001).

CONCLUSION: The modification of hydrogels by adapting DoF, use of a degradable
crosslinker or including fibrillar collagen can control and improve cell migration
and tissue formation for osteochondral defect repair. This study also emphasizes
the importance of performing both in vitro and in vivo testing of biomaterials, as,
depending on the material, the results might be affected by the model used.
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The Translational Potential of this Article

This article highlights the potential of using acellular hydrogels to repair osteochondral

defects, which are common injuries in orthopaedics. The study provides a deeper
understanding of how to modify the properties of hydrogels to control cell migration
and tissue formation for osteochondral defect repair. The results of this article also

highlight that the choice of the used laboratory model can affect the outcome. Testing

hydrogels in different models is thus advised for successful translation of laboratory

results to the clinical application.

Keywords

hydrogels, cartilage, cells, Tissue Engineering, Regenerative Medicine
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1 INTRODUCTION

Current matrix-based approaches for the repair of (osteo)chondral defects, like
autologous matrix-induced chondrogenesis (AMIC, a combination of microfracture
with a collagen scaffold) and matrix-assisted chondrocyte implantation (MACI), have
improved clinical outcomes and lowered revision rates when compared to microfracture
alone . Although they lead to improved function and reduced pain, they fail to repair
defects fully functional for the long-term *. Acellular biomaterial-assisted approaches
are an attractive alternative to cell-based procedures for the treatment of small focal
defects, particularly due to the elimination of donor-site morbidity and the possibility
of a single-stage procedure > Importantly, it has been shown that biomaterials help
to improve the preservation of the cartilage tissue surrounding the defect . However,
to repair cartilage fully, improved mobilisation and infiltration of cells residing in the
knee into the biomaterials are needed 7.

Injectable hydrogels are one promising group of biomaterials to fill complex defects of
any shape and location through a minimally invasive approach ' Despite the extensive
research performed in vitro on the chondro-inductive properties of hydrogels, these
biomaterials often fail upon implantation in vivo. Failure is related to the challenge
of retaining the material in the defect area, which limits cell invasion . Integration
of the biomaterial with the tissues adjacent to the defect, results mainly from the
infiltration of host cells, followed by matrix deposition . Thus, rapid cell infiltration
is an important step in an integrative defect repair strategy '*. Cell infiltration is not
only relevant for acellular hydrogel-assisted repair, but also of interest for approaches
where cells are encapsulated within a hydrogel to integrate the repair tissue into the
host tissue . This highlights the need to understand how physicochemical properties
of hydrogels influence cell migration and which modifications may improve cell
migration from surrounding tissues for osteochondral defect repair.

Since collagen and glycosaminoglycan are major components in the ECM of connective
tissue, collagen and hyaluronic acid (HA) based hydrogels have attracted interest

6. Gelatine, the product of denatured

in cartilage tissue engineering approaches
collagen, modified with methacryloyl groups (GelMA), is an emerging and widely
used hydrogel that exhibits tunable material properties while maintaining regions
with cell adhesives (e.g. arginine-glycine-aspartate (RGD) and degradable sequences
718 The crosslinking density in GelMA hydrogels is controlled by the degree of
functionalisation (DoF), which is the extent of functionalisation with methacryloyl
groups that alters crosslinking. GelMA at a fixed concentration, but an increase in DoF

leads to a higher crosslinking density and thus a smaller mesh size "°. More recently,
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a lower degree of functionalization of the GelMA50 has been associated with a faster
enzymatic degradation kinetic %°. For endothelial cells it has been shown that a lower
DoF supports greater endothelial cell derived capillary-like-network formation 2'.
Whether this hydrogel modification also improves cell migration in the osteochondral

environment and supports tissue repair has not yet been studied.

The most widely used proteoglycan hydrogels in biomedicine are HA and its derivatives.
HA-based biomaterials are often functionalised with biochemical cues (e.g.,
chondroinductive/chondroconductive peptides, the addition of fibrous components)
and/or biophysical cues (mechanical properties, mesh size, porosity) to stimulate
(endogenous) cell infiltration and cartilaginous matrix deposition '**?*, To improve
the tunability of mechanical properties, the interaction with the host tissue or the
rheological properties and printability, functionalization of HA-based hydrogels (e.g.
with thiol-norbornene or tyramine) have been introduced **%. Norbornene hyaluronic
acid (norHA) is an attractive biomaterial due to its excellent printability, tunable
properties and the ability for in situ crosslinking 7. Tyramine functionalized HA (THA)
is characterized by its enhanced binding to the cartilage host tissue via the formation
of di-tyrosine bonds between THA and cartilage ECM ?. Together with its tunable
properties, THA is also an attractive hydrogel for bioprinting *'. The main limitation
of HA-based materials are the limited cell adhesion ****. One approach to overcome this
is to combine THA with either RGD, collagen or gelatine to increase cell attachment
and cell spreading %***
use of a degradable crosslinker, specifically the use of a matrix metalloproteinase

(MMP) cleavable crosslinker, has allowed MSC spreading and mechano-response when
L.

. Beyond the possibility of varying RGD concentration, the

embedded in the hydroge

The above-introduced hydrogel biomaterials (GelMA, norHA and THA) are attractive for
(osteo) chondral repair due to their chondrogenic potential and printability 7730343641,
Thus, this study aimed to investigate the effect of selected hydrogel modifications
on human mesenchymal stromal cells (hMSC) and chondrocyte migration in vitro and
related tissue formation for (osteo)chondral defect repair in vivo. We hypothesised
that a lower crosslinking density in GelMA, use of a degradable crosslinker with norHA
precursors, as well as the addition of collagen fibrils in THA hydrogels would increase
cell migration and improve tissue formation. Cell migration into the hydrogel was
investigated using three models: (1) hMSC spheroids seeded within hydrogels for in
vitro migration, (2) endogenous chondrocyte migration in a cartilage ring model ex
vivo, and (3) cell migration and tissue formation in a semi-orthotopic mouse model
in vivo. While the first two models focus on a single cell type, the in vivo model was
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chosen to study the interplay of multiple cell types within the osteochondral defect
environment.

2  MATERIALS AND METHODS

2.1 Biomaterial preparation and characterization

2.1.1 Hydrogel preparation

Two HA-based materials (THA, norHA) and a gelatine-based material (GelMA) were
evaluated by MSC cell migration in vitro, chondrocyte migration from cartilage
explants ex vivo, cell migration, and osteochondral defect repair in a semi-orthotopic
model in vivo (Figure 1). For the in vitro migration study, hydrogels were crosslinked
in an 8-well plate prior to cell seeding. For the in vivo and ex vivo model, hydrogel
precursors were injected in the defects of either cartilage rings or osteochondral
explants and photo-crosslinked.

Gelatine methacryloyl (GelMA)

GelMA was synthesized with a DoF of 50% (GelMA50) and 80% (GelMA80). Based on the
protocol described by Melchels et al., 0.6 g methacrylic anhydride (Sigma Aldrich 92%)
per g of gelatine (type A from porcine skin, 300 g Bloom, Sigma Aldrich) was used (10%
gelatine in PBS, 50°C, 1h) for GelMA80. For GelMA50, 0.036 g methacrylic anhydride
per g of gelatine was used “**. GelMA (50 mg/ml) was reconstituted at 60°C before
adding the photo crosslinker ruthenium (0.5 mM) and sodium persulfate (5.0 mM) with
subsequent photo-crosslinking (15 min, 3 cm distance, AVIDE lamp). The variable of
the two GelMA formulations used in this study were the DoF (50% or 80%).

Norbonene hyaluronic acid (norHA)

NorHA was synthesized as previously described and reconstituted with either a non-
degradable 1,4-Dithiothreitol (DTT, 0.22 mg/ml, Sigma Aldrich, Saint Louis, USA)
crosslinker or a MMP cleavable crosslinker (2.55 mg/ml, GCNSVPMS{ MRGGSNCG,
Lot: U1432DL070-1/PE2401, GenScript, Piscataway Township, USA) *"**. NorHA was
reconstituted at a final polymer concentration of 20 mg/ml. NorHA precursors (norHA-
DTT and norHA-MMP) contained thiolated RGD sequences (GCGYGRGDSPG, 1.0 mM,
U0140DA260-1, Lot: 94230930001/PE8559, GenScript). Photo-crosslinking (20 min,
3 cm distance, AVIDE lamp) was achieved using photo-initiators ruthenium and sodium
persulfate (Advanced Biomatrix, 5248-1KIT) followed by hydrogel gelation. The
choice of the crosslinker (MMP degradable or non-degradable DTT) was the variable
to prepare two norHA formulations.
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Tyramine modified hyaluronic acid (THA)

THA with a degree of substitution of 6% was synthesized as described previously **. THA
was reconstituted (25 mg/ml) and photoinitiator Eosin Y (0.02 mg/ml, Sigma Aldrich)
was added. THA (25 mg/ml final concentration) and THA-collagen (THA 12.5 mg/ml
and 2.5 mg/ml collagen 1 isolated from rat tails, Corning, Bedford, USA) hydrogels
were enzymatically crosslinked using peroxidase from horseradish (0.3 U/ml, Sigma
Aldrich) and hydrogen peroxide (120 ppm, Carl Roth, Karlsruhe, Germany) with
subsequent photo-crosslinking (10 min, 3 cm distance, AVIDE lamp, Well-Com Vertriebs
GmbH, Gelsenkirchen, Germany) **. The variable for the two THA formulations was
the addition of the fibrillary compontent (THA-col) compared to THA alone.
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Figure 1: Graphical llustration of the in vitro, ex vivo and in vivo models to evaluate acellular
hydrogels for (osteo-) chondral repair.

Three hydrogel types were evaluated for cell migration and tissue formation in osteochondral defects.
Comparisons included the degree of functionalization (50% and 80%) for gelatin methacryloyl (GelMA hydrogels),
the degradability of matrix metalloprotease (MMP) degradable versus non-degradable(1,4-Dithiothreitol, DTT)
crosslinkers for norbornene-modified hyaluronic acid (HA) and the addition of fibrillar collagen on tyramine
modified HA (THA) hydrogels. Images created with Biorender.com.

2.1.2 Nuclear magnetic resonance (NMR) spectrum

The 'H-NMR spectrum of the hydrogel precursor materials were measured by NMR
to check the purity and the functionalization of the materials. All materials were
dissolved in deuterium oxide (D,0) and "H-NMR spectrum recorded.
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2.1.3 Dynamic mechanical analysis

Hydrogel mechanical properties were assessed using a dynamic mechanical analyzer
(DMA Q800, TA Instruments, The Netherlands). Hydrogels in phosphate buffered saline
(PBS, Sigma Aldrich) were analysed in unconfined uniaxial compression test (room
temperature, n=5 samples per condition) to measure their compressive moduli. A
preload of 0.01 N was applied to the hydrogels, followed by a ramp force of 2 N/m until
a maximum force of 8 N was reached. The compressive modulus (Young’s modulus)
was calculated as the slope of the linear elastic range of the stress/strain curve. To
measure the stress-relaxation response, a constant strain was applied (preload of
0.001 N, room temperature, n=5 samples per condition) to hydrogels. After applying
a constant strain of 20% for 2 minutes, the hydrogel response was measured over
a period of 1 minute. The relaxation of the material was calculated as the ratio of
minimum and maximum stress after 2 minutes of 20% strain.

2.1.4 Rheological characterization

Photo rheology experiments on the hydrogel precursor solutions (GelMA DOF 50
and DOF80, norHA MMP and norHA DTT) to determine the crosslinking kinetics was
measured using a DHR2 rheometer (TA Instruments, The Netherlands). Samples were
prepared fresh (100 pl measuring volume, n = 3) before loaded onto the rheometer for
oscillatory time sweep experiments (frequency of 1.0 Hz, angular frequency of 6.28
rad/s, with 5.0% constant strain at 37C, preset measuring gap size of 300 um, 20.0
mm parallel EHP stainless steel plate). After 30 seconds of measuring, the visible light
source was turned on to allow photo crosslinking of the hydrogels for the remaining
time of the experiment and storage (G") and loss moduli (G" ") were recorded.

2.2  In vitro hMSC migration assay

2.2.1 hMSC isolation and expansion

hMSC were isolated from bone marrow of patients undergoing total hip replacement
after informed consent (approved by the local Medical Ethical Committees of
Erasmus MC: protocol MEC-2015-644) as described earlier *. hMSCs were thawed, and
expanded in media composed of alpha-Minimum Essential Medium (a-MEM, Gibco,
California, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, California,
USA), 50 pg/mL gentamycin (Gibco), 1.5 pg/mL fungizone (Gibco), 1 ng/mL fibroblast
growth factor 2 (FGF2, AbD Serotec, Puchheim, Germany) and 25 pg/mL ascorbic
acid-2-phosphate (AA-2-P, Sigma-Aldrich) in a humidified atmosphere with media
replacement twice per week. Cells at 80-90% confluency were sub-cultured using
0.25% Trypsin/1x EDTA (Gibco). hMSCs were fluorescently labelled according to the
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manufacturer’s instructions (Vybrant CFDA-SE Cell tracer Kit, Thermo Fisher) to
visualize cell location after seeding on the hydrogels (see 2.2.2).

2.2.2 Invitro migration assay set up

hMSC migration was evaluated by measuring the migration area of the cells in a 3D
migration assay after 48h of culture in vitro ¥. Micro-moulds (Micro Tissues 3D Petri
Dish, Sigma Aldrich) were casted with agarose to form 256 circular micro-wells. After
the micro moulds gelled, they were transferred to a 12-well-plate containing a-MEM
(Gibco) supplemented with 10% foetal bovine serum (FBS, Gibco) and 25 pg/mL
ascorbic acid-2-phosphate (Sigma-Aldrich) and incubated in a humidified atmosphere
(37°C, 5% CO,) for th. Cell spheroids (500 cells per spheroid) were prepared by
dropwise seeding the CFDA labelled cell suspension (0.128x10° cells/190uL) into the
3D agarose moulds and then cultured in a humidified atmosphere for 24 hours to form
spheroids. Spheroid formation was assessed by a standard inverted microscope and
irregular sized spheroids were discarded. To harvest the spheroids, the 3D agarose
moulds were transferred and inverted into a new 12-well plate containing media and
cell centrifuged for five minutes at 120g. The medium containing the spheroids was
transferred to a falcon tube and again centrifuged (30 seconds at 300 g). Spheroids
were resuspended in the assay media composed of a-MEM supplemented with 1%
insulin, transferrin and selenium (ITS+, Sigma Aldrich), and 25 ug/mL ascorbic acid
(Sigma-Aldrich) Next, 125 pl of each hydrogel precursor was casted in each well of
a chamber slide (Nunc cell culture imaging 8-wellls, Thermo Fisher), crosslinked and
washed three times with serum free a-MEM. Afterwards, 5-10 spheroids were seeded
on each hydrogel in each well. Cell spheroids were cultured on the hydrogels for 48h
with assay media supplemented with platelet-derived growth factor BB (50 ng/ml,
PDGF-BB, Peprotech, NJ, USA) to stimulate cell migration. To quantify cell migration,
confocal imaging (Leica SP5, FITC channel, 10x magnification) was performed with the
acquisition of z-stacks to monitor the spheroid migration from the top to the bottom
of the hydrogel. Cell migration area of hMSC was measured on the different hydrogel
compositions (n=6, n=5 for THA-col) using the earlier described macro with Fiji image
processing software “. The migration area of the migrating cells was calculated to
obtain the total migratory area in a radius of 760 pm.

2.3  Ex vivo migration assay to assess chondrocyte migration

2.3.1 Cartilage ring isolation and ex vivo explant culture

Cartilage explants were isolated from the patellar groove of bovine knee joints (six
months old calves, Angst AG, CH) using a sharp biopsy punch (8mm, KAl medical,
Arnold Bott AG, Opfikon, Switzerland). Cartilage was separated from the subchondral
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bone with a scalpel. Explants were washed with DMEM HG (Gibco) supplemented
with 1% antibiotics (10 U/ml penicillin, 10 pg/ml streptomycin, Gibco). After defect
creation (4mm, KAl medical, Arnold Bott AG, Switzerland) in the centre of the explant,
the defects were filled with the hydrogel precursors (described in Figure 1), and then
gelled in the defect to ensure optimal integration between the hydrogel and the
cartilage tissue. All samples were transferred into a 24 well plate (TPP, Trasadingen,
Switzerland) containing DMEM HG enriched with 10% FBS, 50 pg/ml ascorbic acid and
1% antibiotics. Samples were cultured ex vivo for 21 days (37°C, 5% CO2) with media
change every 2-3 days.

2.3.2 Cell viability staining of ex vivo samples

After 21 days of culture, metabolic activity of cartilage explants was assessed with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid ~ (MTT, 1mg/ml, 1h
incubation at 37°C, Sigma Aldrich). Samples were imaged with bright field microscope
(Zeiss). Samples were also stained for live-dead assessment (Sigma Aldrich) with
Ethidium homodimer (4 pM) and Calcein-AM (2 pM) according to manufacturer’s
instructions, washed with PBS after 25 min incubation and kept in culture media for
microscopic assessment (Zeiss confocal microscope, LSM800).

2.3.3 Histological processing, staining and scoring of ex vivo samples
Samples were harvested at day 21, fixed with formalin (4%, Formafix AG, Hittnau,
Switzerland), washed with PBS, immersed with sucrose (150 mg/ml and 300 mg/ml,
Sigma Aldrich), embedded in freezing media (Leica, Nussloch, Germany) and snap
frozen with liquid nitrogen. Sections of 8 um were cut with a cryostat microtome (HM
500 OM; Zeiss) and stored at -20°C.

Safranin-O staining was performed to visualize proteoglycans. Cryosections were
washed with deionized water to remove freezing media, incubated for 10 min with
Weigert’s hematoxylin (Sigma Aldrich), blued with tap water and incubated with fast
green (0.02%, 6 min, Sigma Aldrich). After washing with acetic acid (1%, Fluka), slides
were incubated in safranin-O (0.01%, 15 min, Sigma Aldrich) and differentiated with
ethanol (70%, Alcosuisse, Riiti bei Biiren, Switzerland) with subsequent dehydration
(ethanol 96%, ethanol absolute, Xylene) and cover slipping (Eukitt, Sigma Aldrich).
Bright-field microscopic images (Olympus BX63, Olympus) were acquired for cell
migration analysis.

A migration score was introduced to semi-quantitatively evaluate chondrocyte
migration from the explant towards the acellular hydrogels. Safranin-O stained slices
of the samples at day 21 (n=3 samples per biomaterial, n=2 samples empty defect
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control, n= 2 sections) were scored by three independent observers blinded for the
condition (Figure 2). The individual scores were visually inspected and in case of
differences, discussed to reach consensus between observers.

w Biomaterial integration .

~ Presenc of cells on material periphery ™

Scoring criteria [0 1 2 3
Explant- No integration, Limited Local integration | Nearly full
biomaterial gaps formed integration. with cartilage integration, no gaps
integration between material Material-tissue tissue (> 50%) between material
and tissue contact (<25%) and tissue (>90%)
less than half
Presence of No cells Singel cells Parts are covered | Full layer of cells on
cells on present (locally) | with cells (>20%) |materials (>90%)
material
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cells within density, "homogenous"
biomaterial inhomogeneous | distribution
distribution

Figure 2: Scoring criteria to assess chondrocyte migration in the ex vivo cartilage ring model.
Safranin O staining of cartilage explant with defect in the centre (white dashed line). The areas of interest are
indicated for the biomaterial integration (blue line) and presence of cells (red line).

2.4 Semi-orthotopic model to assess osteochondral defect repair
in vivo

2.4.1 In vivo subcutaneous chondral and osteochondral defect model

To evaluate the capacity of the hydrogels to support endogenous cell migration and
osteochondral repair, an in vivo semi-orthotopic osteochondral defect model was
used, where tissues are implanted subcutaneously in mice *. This animal experiment
was approved by the ethics committee for laboratory animal use (under license
AVD101002016691, protocol #EMC16-691-07) and following the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines. Bovine osteochondral
biopsies (8 mm diameter, 5 mm height) were harvested with a dental trephine from
metacarpal-phalangeal joints of 3-8 months old calves from a local slaughterhouse
and provided by LifeTec Group (Eindhoven, Netherlands). Osteochondral defects (4
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mm diameter, 4 mm depth) were created in the centre of the biopsies using a hand
drill to avoid thermal damage. The defect created into the subchondral bone will
allow bone marrow and subchondral bone hosting cells to infiltrate the defect area.
The osteochondral biopsies were kept overnight in a-MEM (Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco), 1.5 pg/mL fungizone (Gibco), and 50 pg/
mL gentamycin (Gibco) to ensure sterility. The hydrogel precursors were used to fill
the defects and then photo crosslinked before implantation. All hydrogel-loaded
osteochondral constructs were covered with a circular 8 mm Neuro-Patch membrane
(Braun, Melsungen, Germany) on the cartilage to prevent the ingrowth of host cells.

Thirteen 11-week-old female NMRI-Foxn1 nu/nu mice (Janvier Labs, St.Berthevin,
France) were used in this study. The mice were allowed to adapt to the conditions
of the animal facility for 7 days before implantation surgery. The mice were housed
under specific-pathogen-free conditions with a regular day/night light cycle and food
and water were available ad libitum. Four osteochondral constructs were randomly
implanted subcutaneously on the back of each mouse under 2.5-3.0% isoflurane
anaesthesia (Laboratories Karizoo, Barcelona, Spain). To minimise the risk of infection,
the mice received 25 mg/kg bodyweight of ampicillin (Dopharma, Raamsdonksveer,
Netherlands) subcutaneously during surgery. Staples (AgnTho’s, Lidingo, Sweden) were
used to close the incisions and were removed 1 week after implantation. To ensure
pre- and postoperative analgesia, the mice received a subcutaneous injection of 0.05
mg/kg body weight of buprenorphine (Chr. Olesen & Co, Copenhagen, Denmark) 1 h
before surgery and 6 h after surgery. After ten days (n=3 samples per condition) and
six weeks (n=5 samples per condition), mice were killed by cervical dislocation and
the osteochondral constructs were harvested.

2.4.2 Histological processing, staining and scoring

The osteochondral constructs were fixed in 4% formalin for 1 week, followed by
decalcification using 10% ethylenediaminetetraacetic acid (EDTA, pH 7.4, Sigma
Aldrich) for up to 4 weeks. Six-week samples were processed for routine paraffin
embedding and sectioned (microtome, Leica). Dewaxed slides were stained with
hematoxylin and eosin (HE) to study general cell and tissue morphology. Images
were taken with a slide scanner (NanoZoomer, Hamamatsu). Ten-week samples were
processed for cryo embedding (OCT, Sakura, Nagano, Japan) and cutting (Cryostat,
Leica, Nussloch, Germany) after demineralization.

Image analysis using the NDP.View2 software (version 2.8.24, 2020 Hamamatsu
Photonics K.K.) was used to assess tissue formation. The area of the newly formed
tissue was measured by manually selecting the tissue regions. The percentages of
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the defects covered with cartilage-like, bone-like and other tissue were measured
separately (supplementary Figure S4D), with the defect area set to 100%. The tissue
volume of three sections that were taken at depths of 1, 1.5 and 2 mm for each
sample was averaged for further analyses. All slides were scored by an investigator
blinded to the experimental condition.

2.5 Statistical analysis

Mechanical characterization and ex vivo migration are presented as box plots (min to
max value with a line presenting the median). In vitro MSC migration area and tissue
volume in % are presented as mean + standard deviation (SD). For each of the hydrogel
groups (THA, GelMA, norHA) the results of the two modifications were compared. All
statistical analyses were performed using SPSS (version 28.0.1.0, IBM Corporation,
USA). Student T-tests were performed for mechanical characterization, in vitro MSC
migration and in vivo tissue formation and two-sided p-values are reported. In case
the variances between the two modifications were significantly different, p-value
of equal variances not assumed is reported and marked with a ~ Mann-Whitney U
tests were used to assess statistical significance in the ex vivo migration scores. For
all statistical analyses, a p-value <0.05 was considered statistically significant and
marked with a ".

3 RESULTS

3.1 Lower crosslinking density of GelMA hydrogels increases cell
migration

Compression moduli (E-moduli) of GelMA hydrogels with DoF of 50% and 80% crosslinked
under the same conditions after equilibrating in PBS were respectively 6.8 + 1.3 kPa
and 7.3 + 1.7 kPa, p=0.637, revealing no significant difference between the two DoF
(Figure 3A). Stress recovery of GelMA80 (0.8 + 0.1) was similar to that of GelMA50
(0.7 £ 0.1, p=0.236).

The "H NMR spectrum confirms the different DOF (Supplementary Figure S1). GelMA50
had slower photo-crosslinking kinetics than GelMA80, both with a final storage modulus
around 1 kPa (Supplementary Figure S2).

hMSCs migrated out of the spheroid in both GelMA formulations. The migration area
(Figure 3B) of hMSC seeded in GelMA 50% DoF (42050 + 15335 pm?) was similar to
the migration in GelMA 80% (28010 + 34241 ym?2, p=0.390*) trending towards more
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Figure 3: Effect of lowering the degree of functionalization (DoF) from 80% to 50% in gelatin
methacryloyl (GelMA) hydrogels on cell migration and tissue formation.

A) the Young's modulus and stress-relaxation to characterize hydrogel recovery after swelling in PBS (n=5 per
group). B In vitro cell migration of hMSCs out of spheroids seeded on top of hydrogels (n=6 per group). hMSC
labelled with membrane dye are shown in green. Scale bar 200 pm. C) Chondrocyte migration and migration
score in the ex vivo cartilage ring model (min to max score with median). Macroscopic (explant diameter 8 mm)
and microscopic image of MTT stained samples, the safranin O-stained section of the hydrogel and migration
score with a maximum score of 9 (n=3 samples per group, n=2 slides per sample). Scale bar 200 pm. D) Cell
migration and related tissue formation in acellular hydrogels implanted in osteochondral explants in a semi-
orthotopic mouse model (n=5 samples per biomaterial). Hematoxylin and eosin-stained cross-sections of one
representative sample are shown. Tissue volume in osteochondral defect (OCD) is presented as bone-like tissue,
cartilage-like tissue and other tissue (mean + SD) relative to total tissue volume. Scale bar low magnification
image 1 mm, higher magnification image 100 pm. NC: native cartilage, NB: native bone, G: hydrogel, # indicated
newly formed cartilage-like tissue, green arrow indicates newly formed bone-like tissue, black arrow indicates
infiltrated cells within the defects, blue arrow indicates the integration of newly formed bone and native bone.
Statistical significance comparing means between hydrogel formulations: a: cartilage-like, b: bone-like, c: other
tissue, p: total tissue volume. * equal variances not assumed.
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migration in the lower DoF. In the ex vivo migration assay, the chondrocytes in the
cartilage explant remained metabolic active (as indicated by MTT staining Figure
3C) and a few metabolically active chondrocytes invaded both GelMA formulations
(supplementary Figure S6A). Most of the cells were observed on top of the hydrogels.
GelMA50 had a significantly higher chondrocyte migration score (min/max:2.5/7,
median:5) than GelMA80 (min/max:1/5, median:3, p<0.001). The hydrogels with both
DoF remained inside the cartilage defect. In general, a slight shrinkage was observed
during culture resulting in a gap between the hydrogel and the surrounding defect.

Hydrogels were implanted in the semi-orthotopic in vivo model. After ten days,
infiltration of a few multinucleated cells was observed in GelMA80O (2 out of 3
samples) and GelMA50 (1 out of 3 samples), indicating a low inflammatory response
(supplementary Figure S3). After six weeks the average area of remaining hydrogel
implanted in the osteochondral defect was 11.3% + 9.7% for GelMA50 and 16.4% + 12.3%
for GelMA80 (values calculated relative to respective total defect area). This means
that the hydrogel was degraded upon implantation. The infiltration of cells and
newly formed osteochondral tissue were mostly present in the deep zone and at the
lateral sides of the osteochondral defects (Figure 3D). In GelMA80 a cell-free area
within the hydrogel was still present, even in the samples with the highest invasion
(see supplementary Figure S4A and S5A). GelMA50 and GelMA80 both allowed
osteochondral defect repair (70.5% + 21.3% vs 48.0% + 23.0%, p=0.149). The repair
consisted of cartilage-like tissue (0.04% + 0.09% vs 5.3% + 6.3%, p=0.135%), bone-like
tissue (5.4% £ 7.1% vs 12.8% + 12.6%, p=0.284) and other tissues (52.4% + 11.9% vs
42.6% = 20.2%, p=0.379).

3.2 MMP cleavable norHA hydrogels limit cell migration in vitro
and ex vivo but increase tissue formation in vivo

The two norHA hydrogel formulations differed by the presence of either a MMP
degradable crosslinker or a non-degradable (DTT) crosslinker. The modulus of
norHA MMP (13.4 + 3.5 kPa) was significantly lower than the modulus of norHA DTT
(36.3 + 6.8 kPa, p<0.001) after swelling and equilibrating in PBS (Figure 4). The stress
recovery was significantly higher in norHA DTT (0.9 + 0.0) compared to norHA MMP
(0.7 + 0.1, p<0.001). The "H NMR spectrum of norHA confirms the functionalization
of HA with norbornene groups (Supplementary Figure S1). The results of the photo
rheological characterization (Supplementary Figure S2) showed a similar trend to the
DMA measurement with a higher storage modulus for norHA DTT (1.5 kPa) compared
to norHA MMP (0.2 kPa).
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Figure 4: Effect of crosslinker degradability (MMP degradable vs non-degradable DTT) on
norbonene modified hyaluronic acid hydrogel (norHA) cell migration and tissue formation.

A) Young s modulus and stress-relaxation to characterize hydrogel recovery after swelling in PBS (n=5 per group)
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labelled with membrane dye are shown in green. Scale bar 200 pm. C) Chondrocyte migration and migration
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MMP low magnification 500 pm. D) Cell migration and related tissue formation in acellular hydrogels implanted
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volume. Scale bar low magnification image 1 mm, higher magnification image 100 pm. NC native cartilage, NB
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Both NorHA hydrogel formulations showed limited migration of MSC into the hydrogel
in vitro. Less hMSC migration (Figure 4B) was observed when a norHA MMP degradable
crosslinker (44 + 68 pm?2) was used, compared to a norHAnon-degradable DTT crosslinker
(7742 + 3772 pm?2, p=0.004). NorHA MMP was also invaded by less chondrocytes than
norHA DTT after three weeks of ex vivo culture (Figure 4C, supplementary Figure
S8A, B). Asignificanty lower migration score was observed for the norHA material with
a degradable crosslinker (norHA MMP, min/max: 0/3, median: 1) compared to norHA
with a non-degradable crosslinker (norHA DTT, min/max:3/8, median:5, p<0.001).
Both hydrogel formulations remained in the defect during 21 days of culture.

After ten days of implantation in vivo (Figure 4D) no cell invasion was present in
norHA DTT hydrogels (0 out of 3 samples) while the group with the MMP degradable
crosslinker exhibited invading cells even in the deeper regions of the hydrogels (3 out
of 3 samples (supplementary Figure S3). After six weeks of implantation total tissue
formation was significantly higher in norHA MMP than norHA DTT (86.6% + 15.9% vs.
12.1% + 3.7%, p<0.001). The average percentage of remaining hydrogel in the defect
was 0.7% + 0.5% for norHAMMP and 8.5% + 9.7% for norHADTT (values calculated relative
to respective defect area). The infiltrated cells and newly formed tissue were mostly
in the deeper parts and at the sides of the osteochondral defects in the periphery of
the hydrogels (Figure 4D). Cartilage-like tissue (2.4% + 4.5% vs 0.0% + 0.0%, p=0.290*)
was observed with areas of proteoglycan-rich matrix (supplementary Figure S5B).
Significantly more bone-like tissue (56.1% + 32.6% vs 2.0 % + 2.3%, p=0.006) and a
tendency towards more other-like tissue (28.1%+ 18.4% vs 10.1% = 2.4%, p=0.062) was
formed in the norHA MMP compared to norHA DTT.

3.3 The addition of collagen fibres to THA improves cell
migration in vitro and ex vivo

Moduli (Figure 5A) of THA-col (60.4 + 24.9 kPa) were similar to THA (38.3 + 8.5 kPa,
p=0.121). The stress recovery was significantly increased in THA compared to THA-
col (0.9 + 0.1 vs 0.6 + 0.2, p=0.042*). The 'H NMR spectrum of THA confirm the
functionalization of HA with tyramine (Supplementary Figure S1).

THA-col had significantly more MSC migration in vitro (Figure 5B) (37647 + 23532 pm?)
than THA only (3737 + 4243 pm?, p=0.031*). Only a few metabolic active chondrocytes
were present in the THA hydrogel, and more cells were present in THA-col hydrogel in
the ex vivo model (Figure 5C, supplementary Figure S6A). This was also visible from
the chondrocyte migration score that was significantly higher in THA-col (chondrocyte
migration score min/max; 2/5.5, median 4) than in THA (min/max: 0/5.5, median 1,
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Figure 5: Effect of the addition of fibrillary collagen (col) to tyramine modified hyaluronic acid
(THA) hydrogels on cell migration and tissue formation.

A) Young s modulus and stress-relaxation to characterize hydrogel recovery after swelling in PBS (n=5 per group).
B) In vitro cell migration of hMSCs out of spheroids seeded on top of hydrogels (n=6 THA, n=5 THA-col). hMSC
labelled with membrane dye shown in green. Scale bar 200 pm. C) Chondrocyte migration and migration score
in the ex vivo cartilage ring model (min to max score with median). Macroscopic (explant diameter 8 mm)
and microscopic image of MTT stained samples, the safranin-O stained section of the hydrogel and migration
score with a maximum score of 9 (n=3 samples per group, n=2 slides per sample). Scale bar 200 pm. D) Cell
migration and related tissue formation in acellular hydrogels implanted in osteochondral explants in a semi-
orthotopic mouse model (n=5 samples per biomaterial). Haematoxylin and eosin-stained cross-sections of one
representative sample are shown. Tissue volume in osteochondral defect (OCD) is presented as bone-like tissue,
cartilage-like tissue and other tissue (mean + SD) relative to total tissue volume. Scale bar low magnification
image 1 mm, higher magnification image 100 pm. NC native cartilage, NB native bone, G: hydrogel, black arrow
indicates infiltrated cells within the defects, blue arrow indicates the integration of newly formed bone and
native bone. Statistical significance comparing means between hydrogel formulations: a: cartilage-like, b: bone-
like, c: other tissue, p: total tissue volume.* equal variances not assumed.
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p<0.001). Hydrogels of both formulations remained in the cartilage defect during the
21 days of culture.

Ten days after implantation in vivo, a few inflammatory cells were observed on the
hydrogels (THA 2 out of 3 samples, THA-col 2 out of 3 samples, supplementary Figure
$3), located at the hydrogel periphery and inside the hydrogels. After six weeks of
implantation, the average amount of remaining hydrogel in the defect was 9.7% = 3.0%
for THA-col and 15.2% + 9.1% for THA (values calculated relative to respective defect
area). For THA materials, limited cell migration and total osteochondral tissue repair
(THA-col 54.4% + 26.4% vs. THA 32.3% + 15.4%, p=0.144) was observed in the defects
of the osteochondral explants. In line with the in vitro hMSC migration and ex vivo
chondrocyte migration, a trend for an increased amount of cartilage-like tissue
(1.8% = 3.5 vs 0.7% = 1.5%, p=0.519), bone-like tissue (14.3% + 23.6% vs 3.4% = 5.7%,
p=0.343) and other tissue (38.3% + 10.3% vs 28.3% + 8.4% p=0.131) were observed
in the defects filled with THA-col composite compared to THA alone (Figure 5D,
supplementary Figure S4C and S5C).

4  DISCUSSION

Material-based cell-free approaches to treat cartilage and osteochondral defects have
shown promising results >***°. These approaches are of interest due to the limited
availability of autologous chondrocytes. Infiltration of cells from the adjacent tissues
into the biomaterial is a critical step in this approach, as these migrating cells play
a pivotal role in depositing the extracellular matrix and facilitating tissue repair '
However, data on which biomaterial properties influence cell infiltration and related
tissue formation is limited since most studies use only one material or modification,
and different studies use different models for their evaluation. Focus of this study
was to evaluate different materials and modifications in an in vitro assay for MSC
migration, an ex vivo assay for chondrocyte migration and an in vivo model to assess
cell infiltration, inflammatory response and tissue formation. Our findings indicate
significant differences between the three hydrogel groups across the various assays,
and the outcomes may be extended to other materials and modifications.

Lowering DoF from 80% to 50% (GelMA 80 vs GelMA50) showed a higher migration index
and thus a higher number of chondrocytes migrating into the hydrogel ex vivo. It has
also been described that the hydraulic permeability and mechanical properties of
GelMA can be controlled by the DoF, polymer concentration and crosslinking time °'.
The mechanical behaviour of the two formulations during the rheology tests was not
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significantly different and did not allow estimation of the permeability of the gels. The
lower degree of functionalization of the GelMA50 has been previously associated with
a faster enzymatic degradation kinetic %, which is known to promote cell migration.
A higher cell migration and more tissue formation compared to the higher DoF group
was only observed in the ex vivo migration assay. The MSCs in the in vitro assay were
spreading and migrating in both, GelMA50 and GelMA80. This partially aligns with a
previous in vitro study comparing GelMA (5% wt) with different DoF, which showed
spreading of encapsulated adipose-derived MSCs in the samples with a DoF of 30% and
50%, but not above 70% %"*. In the ex vivo assay, the difference in migration score
between the two DoF was more prominent. Although the chondrocytes retained a
round morphology, they seem to prefer invasion into the lower DoF hydrogel. This
finding highlights that different models and/or the cell types used, influence migration
behaviour. A tendency of overall more tissue formation was observed in GelMA50
compared to GelMA80 after six weeks of implantation. Although GelMA has some
potential to stimulate cell migration and cartilage-like-tissue formation, the shrinking
of the hydrogel when cultured in the cartilage ring model is a drawback. Nguyen et
al. described that GelMA with a lower DoF degrades faster by collagenase-loaded
micro-particles . This shrinkage leads to limited integration with the surrounding
tissue and resulting in gap formation that cells might not be able to bridge.

A different approach to control the degradability of a hydrogel and to increase cell
migration is the use of a MMP degradable crosslinker with a norHA hydrogel. In contrast
to our original hypothesis, that the use of a MMP cleavable crosslinker would improve
cell migration, the addition of the MMP degradable crosslinker did not improve
cell migration in vitro or in the ex vivo setting. It is possible that the proteases
secreted by the MSCs and the cartilage explants in these settings were not capable
of sufficiently degrading the VPMSMRGG peptide of the crosslinker in our study - it
has been investigated before that the VPMSMRGG is most sensitive to MMP 1 %% |t
is likely that there are more MMPs present in the in vivo model that lead to a faster
degradation. In addition, it is plausible that the ex vivo model prompts the secretion
of tissue inhibitors of matrix metalloproteinases, which hinder the activity of MMPs
and, as a result, impede the degradation of the hydrogel ****. Although no differences
in mesenchymal stromal cells ', and (lung) epithelial cells *® were observed in previous
studies, future studies will need to investigate whether specific MMPs are responsible
to degrade these bonds in the norHA-MMP gels. Furthermore, the more than three-fold
lower bulk mechanical properties of norHA MMP could have limited cell attachment
and thus migration. In the in vivo model, however, the MMP-sensitive crosslinker
clearly showed more tissue formation in the gels crosslinked with the non-degradable
DTT crosslinker. The formation of various tissue types, including cartilage-like and
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bone-like tissue, in the semi-orthotopic model aligns with prior literature, which has
reported that in norHA hydrogels that incorporate non-degradable crosslinkers, matrix
deposition is confined to the pericellular region after 28 days *’. Additionally, research
on malemeide modified HA (1.2% wt) crosslinked with an MMP-sensitive crosslinker
(CRDYPMSQMRGGDRCG) has shown that a greater amount of cartilage-like tissue is
formed compared to gels with protease-insensitive DTT crosslinkers *. Thus, our study
verifies the benefits of using an MMP-cleavable crosslinker to promote the formation of
repair tissue and cartilage-like matrix deposition. Furthermore, our study underscores
the importance of utilizing multiple assays and selecting an appropriate experimental
design to evaluate the performance of a hydrogel.

Besides using a MMP degradable crosslinker, the addition of RGD peptides is another
approach to control cell spreading. Collagen type | and, to some extent, GelMA contains
natural RGD sites that are characterized by cell-instructive properties *. We found
that the addition of collagen in a THA hydrogel enhanced the migration of MSCs and
chondrocytes in all three models examined. Furthermore, the incorporation of type 1
collagen into the THA hydrogel leads to the development of a fibrillary network, which
induces bio-instructive properties sensed by the cells, thereby providing an additional
advantage. It has been shown that these micro-structural features in THA-col can be
used to orient collagen fibres via 3D bioprinting *. Whether the fibrillar component,
the RGD sites or a combination of both are the most driving factor promoting cell
migration remains unknown and a focus for future studies. Although THA-col composite
did positively influence MSC migration and MSC chondrogenesis in vitro %, still only
60% of the defect volume was filled with newly formed tissue, and limited cartilage-
like tissue was formed in the in vivo setting. Further optimization of this hydrogel
is needed to achieve more cell invasion and support cartilage-like tissue formation.

Cell-material interaction and thus mechanosensing contributes to cell spreading and
migration. The results suggest that cell migration is not primarily controlled by the
bulk mechanical properties as it has been proposed in other studies. It is rather a
combination of different material properties that control cell behaviour “:*"®2, THA
and THA-col had similar Young’s moduli and the higher cell migration in the THA-col
compared to THA is likely due to the presence of RGD sequences. Storage moduli
of THA and THA-col have been shown to be similar ***. GelMA80 and GelMA50 both
naturally contain RGD sequences and in this study the young’s moduli as well as final
storage moduli were comparable **. Yet, migration on GelMA50 was better in the
ex vivo model compared to GelMA80. This indicates that the lower DOF can have a
positive effect on cell migration and tissue formation. Both norHA hydrogels contained
RGD for cell adhesion. In the in vitro and the ex vivo model, more cell invasion was
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found in the stiffer norHA DTT hydrogel compared to norHA MMP. Caliari et al. have
shown that MSC spreading depends on the substrate stiffness of norHA hydrogels, and
found that stiffer hydrogels (20 kPa) stimulated MSC spreading in 2D, whereas in 3D
cell spreading was seen only in the least stiff hydrogel (1 kPa) *. This discrepancy
with our results in norHA gels indicates that the dimensionality of the model and
hydrogel stiffness are not the only parameters influencing cell migration. Instead, a
complex interplay of multiple parameters might affect cell migration in hydrogels.
More research is needed to understand the underlying mechanisms of bioinstructive
properties to increase cell infiltration and improve biochemical and biophysical
properties of biomaterials for cell free tissue repair.

When evaluating the samples implanted for only ten days in the semi-orthotopic
mouse model, we identified only a few inflammatory cells on and within the hydrogels,
highlighting that there was no strong foreign body reaction related to any of the
hydrogels used. Although a strong foreign body response can cause unwanted effect,
inflammation is also known to influence cell migration as well as matrix degradation
and therefore can be stimulating the ingrowth of cells in a hydrogel "'#*¢*_|n the
design and modification of biomaterials such a positive effect of inflammation should
be considered as well. To pre-screen biomaterials and modifications on their pro-
or anti-inflammatory response, different in vitro models are available. Wesdorp et
al. showed a similar response of neutrophils seeded on THA, THA-col (2.5% wt HA,
0.25% wt col) and GelMA (15% wt, DoF 50%) in terms of myeloperoxidase, neutrophil
elastase and cytokine secretion ®. In light of the 3R principle (refinement, reduction,
and replacement), an initial screening may be conducted in vitro to assess the
potential impact of hydrogel modifications on inflammation, which could alter the
cell infiltration behavior of the hydrogel.

Cell type specific differences in response to the materials as a function of the
mechanical properties, chemical composition and mesh size have been reported %%,
The screening of the hydrogels in the three models covers different cell types, namely
MSCs, chondrocytes and cells residing in the subchondral bone and bone marrow of
the osteochondral explants. Results of the here reported in vitro, ex vivo and in vivo
testing together with findings related to how cells respond to different materials
suggest that the specific hydrogel formulations tested in this study were not selective
for different mesenchymal cell types present in the osteochondral environment. This
study further showed that with a single modification in either an HA or gelatinee-
based hydrogel, cell invasion can be stimulated. A limitation of the present study
is that for each formulation multiple characteristics of the matrices (total polymer
concentration, crosslinking density, mesh size) are simultaneously modified, limiting
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the ability to decouple findings. Since each modification will have different effects
on hydrogel swelling, secondary structure, degradation and most likely the cell-
biomaterial interaction, a direct comparison would have been not very practical.
The current approach prevented this direct comparison and solely demonstrated the
possible effects of one specific chemical modification within three selected hydrogel
types on cell migration and tissue formation. More fundamental knowledge on how
different material properties influence cell behaviour is required to optimize the
design of hydrogels for osteochondral tissue repair.

The success of acellular hydrogel approaches to repair (osteo-) chondral defects is
limited in treating larger defects. In this case, the relatively low number of cells
invading the biomaterial implanted in the defect might not allow for complete defect
repair. One approach to increase the invasion distance might be the use of chemotactic
factors. If this is not feasible, a combined approach of encapsulating patient-derived
cells and a hydrogel stimulating the migration and invasion of cells from surrounding
tissue can be considered. Moreover, good bonding and minimal lateral delamination of
the hydrogel from the surrounding tissue are a prerequisite allowing for endogenous
cell migration and related matrix deposition ®. To address this research question,
different models including push out tests are available for quantitative measures of
integration ¢*’°. Dynamic mechanical analysis has been proposed to study the adhesion
strength between the tissue and hydrogel ”'. Before taking this next step, a more
in-depth understanding is needed to improve cell invasion further and to understand
the mechanisms driving or limiting cell migration.

Conclusion

Migration of cells with chondrogenic potential into hydrogels is the first step to
improve cell free repair of osteochondral defects. While cell free approaches would
fail in the absence of cell invasion, cell-based treatments would also benefit from
enhanced integration of the implant to the surrounding tissue. Our study shows
that cell migration is dependent on multiple material characteristics, including
physicochemical and bio-instructive properties. Moreover, this study also highlights
the need for screening biomaterials in different models in vitro, ex vivo and in vivo
since results might differ depending on the model used. The three hydrogel groups
and modifications screened in this study, do support cartilage-like and bone-like
tissue formation making them suitable candidates for further optimization and use in
osteochondral repair.
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Supplementary figure S1: 1H NMR spectrum of hydrogel precursors. (A, B) Gelatine methacryloyl
(GelMA) in D20 (4% concentration, with 0.5 mg/ml of 3-(Trimethylsilyl)-1- propanesulfonic acid
sodium salt). NMR spectra of (A) GelMA50 and (B) GelMA80 confirm the methacrylation of the
gelatine backbone. At 5.5 and 6.0 ppm the peaks corresponding to the protons belonging to the
double bond of the methacrylate moiety with a shorter peak in GelMA50 compared to GelMA80. A
small peak for lysine at 3.0 ppm was still present on the GelMA50 but it is missing on the GelMA80
sample. (C) Norbornene-functionalized hyaluronic acid (NorHA) in D20 (5wt%). Modification of HA
with norbornene (30%) determined by integration of vinyl protons (2x2H) relative to the sugar ring
of HA (10H). NorHA precursor was the same tor preparing, norHA-DTT and norHA- MMP. (D) Tyramine
functionalized hyaluronic acid (THA) in D20 (3%w/v in D20 containing 0.4 mg/ml hyaluronidase).
The NMR spectrum conforms to the structure of the tyramine derivative of HA, showing a singlet
corresponding to the N-acetyl group around 2ppm, and a broad multiplet between 3.2 and 4.0
ppm corresponding to various protons on the saccharide rings. The three peaks around 7 ppm
corresponding to the aromatic resonances of the tyramine groups are visible (Loebel, Stauber et
al. 2017). THA precursor was the same to prepare THA-collagen.
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Supplementary figure S2: Photo rheology of gelatine methacryloyl (50% and 80% degree of
functionalization, DOF) and norbornene functionalized hyaluronic acid (norHA) crosslinked with
either a non-degradable (DTT) or MMP degradable crosslinker. Blue arrow indicates the time (30
sec) when the light was turned on for photo- crosslinking the hydrogel precursors.
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orthotopic model. HE staining of acellular hydrogels were polymerized in osteochondral defects
and implanted in nude mice (n=3 samples per biomaterial). Most cells were observed in GelMA 80%
and 50% as well as norHA MMP gels. Only single cells were present in the other hydrogel groups.
Arrows indicate (multinucleated) cells. Scale bar 50 pm.



Modulating hydrogel design parameters

Supplementary figure S4: Tissue regeneration in osteochondral defects filled with the hydrogels
in an in vivo subcutaneous implantation mouse model. The best and worst repair constructs
stained with H&E showing the in- situ hydrogels and tissue regeneration within the osteochondral
defects after 6 weeks of implantation. A) GelMA degree of functionalization 50% and 80%, B) norHA
with protease (MMP) cleavable and non-degradable DTT crosslinker, C) THA and THA-collagen.
Scale bars indicate 1 mm. Black arrows indicated infiltrated cells within the defects. Red arrows
indicated newly formed cartilage-like tissue. Green arrows indicated newly formed bone-like
tissue. NC: native cartilage; NB: native bone; G: hydrogel. D) Example on defining the defect
region (black line), hydrogel selection (blue line) and newly formed tissue formation (grey line) for
quantification of tissue formation mice (n=5 samples per biomaterial).
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Supplementary figure S5: Representative images of the repair constructs stained with Safranin
0 showing the in- situ hydrogels and tissue regeneration within the osteochondral defects after 6
weeks of implantation. A) GelMA degree of functionalization 50% and 80%, B) norHA with protease
(MMP) cleavable and non-degradable DTT crosslinker, C) THA and THA-collagen. Scale bars indicate
1 mm (lower magnification) and 50 pm (higher magnification). Black squares indicated the
magnified areas. Black arrows indicated infiltrated cells within the defects. NC: native cartilage;
NB: native bone; G: hydrogel; #: cartilage-like tissue.
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Live-dead Safranin O cross section

NorHA MMP NorHA DTT GelMA50 GelMA8O

THA
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Supplementary figure S6: Ex vivo cartilage explant model after 21 days of culture. A) Microscopic
image of metabolic active chondrocytes migrating on the biomaterials (MTT staining). Scale
bar 500 pym. B) Live-dead staining (green: alive cells, red: dead cells). Scale bar 500 pym. C)
Safranin O staining of representative cartilage explants treated with biomaterials. Scale bar 1
mm. THA: tyramine modified hyaluronic acid (HA), THA-col, norHA DTT: norbonene functionalized
HA with non-degradable crosslinker, norHA MMP: norHA with Matrix Metalloproteinase degradable
crosslinker, GelMA 50: gelatine methacryloyl with 50% degree of functionalization (DoF), GelMA 80:
GelMA 80% DoF.
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ABSTRACT

Despite promising clinical results in osteochondral defect repair, a recently developed
bi-layered collagen/collagen-magnesium-hydroxyapatite scaffold has demonstrated
less optimal subchondral bone repair. This study aimed to improve the bone repair
potential of this scaffold by adsorbing bone morphogenetic protein 2 (BMP-2) and/or
platelet-derived growth factor-BB (PDGF-BB) onto said scaffold. The in vitro release
kinetics of BMP-2/PDGF-BB demonstrated that PDGF-BB was burst released from the
collagen-only layer, whereas BMP-2 was largely retained in both layers. Cell ingrowth
was enhanced by BMP-2/PDFG-BB in a bovine osteochondral defect ex vivo model. In
an in vivo semi-orthotopic athymic mouse model, adding BMP-2 or PDGF-BB increased
tissue repair after four weeks. After eight weeks, most defects were filled with
bone tissue. To further investigate the promising effect of BMP-2, a caprine bilateral
stifle osteochondral defect model was used where defects were created in weight-
bearing femoral condyle and non-weight-bearing trochlear groove locations. After six
months, the adsorption of BMP-2 resulted in significantly less bone repair compared
to scaffold-only in the femoral condyle defects and a trend to more bone repair
in the trochlear groove. Overall, the adsorption of BMP-2 onto a Col/Col-Mg-HAp
scaffold reduced bone formation in weight-bearing osteochondral defects, but not in
non-weight-bearing osteochondral defects.

Keywords: tissue engineering; regenerative medicine; osteochondral lesion;
biocompatible materials; Bone Morphogenetic Proteins; Platelet-Derived Growth
Factor; animal model; weight-bearing

@ in vitro release profile @ ex vivo osteochondral explants culture
Release kinetics of BMP-2 and PDGF-BB from top and bottom layer. BMP-2 and PDGF-BB enh d cell ing h into hondral defect.

@ in vivo caprine model () in vivo semi-orthotopic mouse model

BMP-2 adsorption improved bone repair in non-weightbearing BMP-2 increased osteochondral tissue repair at early stage,
defect sites but reduced bone repair in weightbearing defect sites. but slightly worse tissue repair was observed with PDGF-BB.
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1. INTRODUCTION

Osteochondral tissue is formed by two main tissue types: the articular cartilage,
which functions as a low-friction and wear-resistant surface, and the subchondral
bone, which plays a crucial mechanically supportive role '
timely interventions, damage to this osteochondral unit, caused by traumatic

. Without effective and

injury or disease, may progress to osteoarthritis . Bi-layered biomaterial-scaffolds
have been developed to restore the structural and physiological properties of the
entire osteochondral unit and thus to support chondrogenesis and osteogenesis
simultaneously *°. As a biologically derived protein, collagen is an efficient biomaterial
to support cellular activities and promote osteochondral repair ®®. The addition
of hydroxyapatite (HAp) can improve the osteogenic potential of a collagen-based
scaffold in vivo, and magnesium ions (Mg?') induce osteogenic differentiation and
osteoblast differentiation. Preclinically, bi-layered collagen/collagen-magnesium-HAp
(Col/Col-Mg-HAp) scaffolds have successfully reconstructed the articular cartilage and
the subchondral bone in animal models *"'. Clinical cohort studies also demonstrated
the excellent stability of this scaffold and clinical improvement in knee function ',
However, subchondral bone repair remained suboptimal in some clinical follow-ups
in comparison to the cartilage repair capacity of this scaffold ™, which may lead to
altered biomechanical properties of the osteochondral unit and thereby affect the
long-term survival of the neo-cartilage . This might subsequently lead to renewed

osteochondral damage and joint disease '*".

Incorporating factors that stimulate bone formation could be a promising approach
to overcome this limitation in bone regeneration capacity '®. Bone morphogenetic

1920 a0d

protein 2 (BMP-2) has a vital role in osteogenesis and osteoclastogenesis
is approved by the Food and Drug Administration (FDA) as an osteogenic protein.
The recruitment of stem cells or osteoblasts is necessary for osteogenic initiation,
and BMP-2 was reported to facilitate cell ingrowth *'. Platelet-derived growth factor
(PDGF) is potent in stimulating cell ingrowth, angiogenesis, and osteogenesis %2,
The delivery of BMP-2 and PDGF onto biomaterials has been shown an improvement
in osteoblast function and bone integration %, Therefore, it might be promising
to adsorb BMP-2 and PDGF-BB onto this Col/Col-Mg-HAp scaffold to improve bone

healing.

This study aimed to evaluate the osteogenic effectiveness of BMP-2 or PDGF-BB
adsorption onto a Col/Col-Mg-HAp scaffold on bone repair in osteochondral defects.
We first assessed the release profiles of BMP-2 and PDGF-BB from the two layers of a
Col/Col-Mg-HAp scaffold in vitro. Next, an ex vivo osteochondral culture model was
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used to investigate the added effect of growth factors on cell ingrowth from adjacent
tissues. Then, we investigated the effect of BMP-2 or PDGF-BB incorporated into a Col/
Col-Mg-HAp scaffold in an in vivo semi-orthotopic mouse model for the early phases of
tissue repair. Finally, the effect of BMP-2 incorporated into a Col/Col-Mg-HAp scaffold
was investigated in both weight-bearing and non-weight-bearing locations of the knee
joint in an established preclinical caprine osteochondral defect model.

2. MATERIALS AND METHODS

2.1 Scaffold fabrication and characterization

Col/Col-Mg-HAp scaffold is a biomimetic scaffold that has a porous, 3-Dimensional,
composite structure. The scaffold is composed of two layers: the cartilaginous layer,
consisting of Type | collagen, to maintain joint congruence and the bone layer consisting
of a combination of Type | collagen (60%) and magnesium-hydroxyapatite (40%). Each
layer of the scaffold is synthesised separately by a standardised process from an
atelocollagen aqueous solution (1% w/w) in acetic acid, isolated from equine tendon.
The upper non-mineralised chondral layer of the scaffold is obtained by dissolving
an acetic solution of Type | collagen in bi-distilled water by adding NaOH. The bone
layer of the scaffold is obtained by nucleating nanostructured hydroxyapatite into
self-assembling collagen fibers, as occurs in the natural biological neo-ossification
process. To stabilise the scaffold, the fibrous structures were chemically cross-linked
for 16hrs at room temperature. After chemical cross-linking, the two layers were
superimposed and afterwards they are freeze-dried.

The morphology of the scaffold was evaluated by Scanning Electron Microscopy (SEM)
performed on a SEM-LEO 438 VP (Carl Zeiss AG, Oberkochen, Germany). The samples
were sputter coated with gold prior to examination. The mineral content of the bone
layer was evaluated by thermogravimetric analysis (TGA), performed in alumina
crucibles in an air atmosphere with a flow rate of 80 ml/min, between 25 and 700
°C (Mettler Toledo DT-TGA/DSC1 Star System, Columbus, OH, USA). The elemental
composition of the mineral phase (Magnesium-Hydroxyapatite) was determined using
inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermo Scientific
iCAP 7400, Waltham, MA, USA). In particular, the composition is expressed as Ca/P,
(Ca+Mg)/P, Mg/Ca% molar ratios. The bone layer was dissolved in hot nitric acid (65
v/v%) in order to completely destroy the collagen matrix and solubilise the inorganic
phase. The content (ppm) of magnesium, calcium and phosphorous in the samples is
determined by comparison with a predetermined standard curve: Ca/P = 1.5 + 0.1%;
(Ca+Mg)/P = 1.6 + 0.1%; Mg/Ca% = 1.5 + 0.4%. The total porosity of the osteochondral
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scaffold was determined using Archimedes’ principle. The exterior volume (Vs) of the
sample was measured using a Vernier caliper. The sample was then immersed in a
pycnometer containing 96% ethanol solution. The actual volume (Va) of the sample is
calculated using the formula:

(W; - Wo) — [:M'It _WP) g,fcm3

@ 0.789

Ww is the weight of the ethanol and the pycnometer, Wo is the dry weight of the
pycnometer, Wt is the combined weight of the ethanol, the pycnometer and the plug
sample, Wp is the combined weight of the dry pycnometer and dry plug sample, and
0.789 g/cm? is the density of ethanol solution. The porosity of the scaffold was then
determined using the following formula:

V.-V

=100

Total Porosity(%) =

o

2.2 BMP-2 and PDGF-BB release from the different layers of a Col/
Col-Mg-HAp scaffold

To investigate the release kinetics of BMP-2 and PDGF-BB from the different layers
of the Col/Col-Mg-HAp scaffold, a time course study was performed (Figure S1A). 35
pL (28.5 pg/ml) BMP-2 or PDGF-BB (Sigma, Saint Louis, USA) was absorbed into the
separated layers (either collagen-only layer or Col-Mg-HAp layer) of a Col/Col-Mg-HAp
scaffold. (Osteochondral scaffold, Finceramica, Italy) in a low-affinity binding plate at
37 degrees Celsius for 30 minutes. The concentration of growth factors was determined
according to our previous studies %, After absorption, the medium was harvested
from the plate, and the scaffolds were transferred to a new low-affinity binding plate.
800 pL alpha-Minimum Essential Medium (a-MEM, Gibco, Massachusetts, USA) was
added to each scaffold-containing well. At each time point (6, 24, 48, 72, 96, 120,
144, 168 hours, 336 hours only for BMP-2), the medium was collected and replaced by
fresh medium. The collected medium was analysed for BMP-2 by recombinant human
BMP-2 (Peprotech, NJ, USA) or PDGF-BB by recombinant human PDGF-BB DuoSet ELISA
kit (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions.

2.3 Cell recruitment capacity of BMP-2 or PDGF-BB in an ex vivo
osteochondral defect culture model

To study the effect of BMP-2 and PDGF-BB adsorbed onto a bi-layered Col/Col-Mg-
HAp scaffold on cell recruitment capacity, an ex vivo osteochondral defect culture
model, previously developed and validated in our laboratory, was used *' (Figure S1B).
Briefly, osteochondral defects were created in bovine osteochondral biopsies (8 mm
diameter, 5 mm height) harvested from metacarpal-phalangeal joints of 6 to 8 months
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old calves (LifeTec, Eindhoven, The Netherlands), in which a 4 mm wide and 4 mm
high defect was created. The osteochondral plugs were kept overnight in Dulbecco’s
Modified Eagle Medium-high glucose (DMEM, 4.5 g/L glucose, Gibco, Massachusetts,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Massachusetts, USA),
50 pg/mL gentamycin (Gibco, Massachusetts, USA), and 1.5 pg/mL fungizone (Gibco,
Massachusetts, USA). The following day, the Col/Col-Mg-HAp scaffolds (diameter: 4
mm, height: 4 mm) with or without adsorbed growth factors (n=4 for each condition)
were inserted into the osteochondral defects. Either 4 pg (57.1 pg/mL) BMP-2 solution
or 100 ng (1.4 pg/mL) PDGF-BB was adsorbed onto the scaffold. Each construct was
cultured in 3.5 mL medium in a new 12-well plate at 37 °C and 5% CO,. The medium
was refreshed on the first day and subsequently every two days. After 3 weeks, the
osteochondral constructs were harvested and fixed in 4% formalin for 1 week with
subsequent further histological analysis.

2.4 In vivo osteochondral defect model in mice

To assess the effect of BMP-2 and PDGF-BB in the Col/Col-Mg-HAp scaffolds on bone
repair, an established in vivo subcutaneous mouse model developed previously in our
laboratory was used (Figure S1C) 2. Osteochondral biopsies were harvested, and the
defects were created as described earlier (see under 2.3) and kept overnight in a-MEM
medium supplemented with 10% FBS, 50 pg/mL gentamycin, and 1.5 pg/mL fungizone
until implantation. 11 12-week-old NMRI-Fox1nu mice (Taconic, New York, USA) were
used for this study. The animals were randomly assigned and housed under specific-
pathogen-free conditions with a regular day/night light cycle and allowed to adapt
to the conditions of the animal facility for 7 days. Food and water were available ad
libitum. Before implantation, 70uL of saline, BMP-2 (57.1 pg/mL, 4 pg), or PDGF-BB
(28.5 pg/mL, 2 pg or 1.4 pg/mL, 100 ng) solution was added dropwise onto the Col/
Col-Mg-HAp scaffolds. All osteochondral plugs were covered with a circular 8-mm
Neuro-Patch membrane (Braun, Melsungen, Germany) to prevent the ingrowth of host
cells from the top. The osteochondral plugs were randomly implanted in subcutaneous
pockets on the back of the mice under 2.5-3% isoflurane anaesthesia (1000 mg/g,
Laboratorios Karizoo, Maharashtra, India). One osteochondral plug was implanted per
pocket, and four osteochondral plugs were implanted per mouse. The incisions were
closed with staples (Fine Science Tools, Vancouver, Canada). 1 h before surgery and
6-8 h after surgery, 0.05 mg/kg body weight of buprenorphine (Chr. Olesen & Co,
Copenhagen, Denmark) was injected subcutaneously to ensure pre- and postoperative
analgesia. Mice received a subcutaneous prophylactic antibiotic injection of 25 mg/kg
body weight of Amoxicillin (Dopharma, Raamsdonksveer, Netherlands).
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After 4 or 8 weeks, mice were euthanised by cervical dislocation under 2.5-3%
isoflurane anaesthesia, and the osteochondral plugs were harvested. All samples
were fixed in 4% formalin for 1 week for further analysis. This animal experiment
was approved by the ethics committee for laboratory animal use (AYD101002016991;
protocol #EMC 16-691-05).

2.5 In vivo osteochondral defect caprine model

A validated bilateral osteochondral defect caprine model was used to assess the
osteochondral defect repair capacity of BMP-2 supplemented scaffolds in a preclinical
large animal model (Figure S1D). An experimental unit of 11 skeletally mature female
Saanen goats (age: 3 years, weight: 37.9 + 7.3 kg) was subjected to a bilateral
arthrotomy under general anaesthesia as described before ***. In short: all animals
received a profylactic antibiotic injection with amoxycillin clavulanic acid 8.75mg/
kg intramuscular (Noroclav, Norbrook, Ireland) and were intravenously sedated with
butorphanol (0.2 mg/kg, Butador, Chanelle Pharma, Ireland) and diazepam (0.2 mg/
kg, Diazemuls; Accord Healthcare, UK). A lumbosacral epidural block with lidocaine
(2 mg/kg, Lidocaine HCl 2%, B.Braun Medical Inc., EU) and morphine (0.2 mg/kg,
Morphine Sulphate 10mg/ml, Kalceks, Latvia) was performed with the animal in
sternal recumbency. Anaesthesia was induced with propofol IV to effect (max. 6 mg/
kg, Propofol-Lipuro 1%, B. Braun Medical Inc., EU) and was maintained with isoflurane
(Vetflurane, Virbac Animal Health, UK) in 100% oxygen via a circle rebreathing system.
All animals received analgesia with meloxicam IV (0.5 mg/kg, Rheumocam, Chanelle,
Ireland); and morphine IV (0.2 mg/kg, Morphine sulphate, Mercury Pharmaceuticals,
Ireland) 90 min after the epidural block.

An arthrotomy of each stifle joint was performed in dorsal recumbency using a lateral
parapatellar approach. Under constant irrigation with saline, a pointed 6 mm drill
bit was used to drill an approximate 3-4 mm deep non-weight-bearing defect in the
transition of the distal 1/3 to the middle 1/3 of the trochlear groove and in the
weight-bearing part of the medial femoral condyle. Subsequently, a custom-made
flattened drill bit and a depth guide were used to create an exact flat 6 mm deep by
6 mm wide circular critical-sized osteochondral defect in a non-weight-bearing and
a weight-bearing location. The joint was flushed with saline to remove any debris,
and the defects were press fit with a similar-sized selected scaffold before surgical
closure as described before. Each stifle joint was randomly assigned to one of the
two treatment groups (Figure S1D): 1) Col/Col-Mg-HAp scaffold-only (6 mm diameter,
6 mm height, Osteochondral scaffold, Finceramica, Italy), and 2) Col/Col-Mg-HAp
scaffold adsorbed with BMP-2 (57.1 pg/mL).
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Following surgery, postoperative analgesia was provided (meloxicam 5 days) and
goats were housed in indoor pens for daily postoperative welfare monitoring and
scoring. Two weeks postoperatively, following the removal of skin sutures, animals
were released to pasture or loose housing (weather dependent) for the remainder
of the study period with daily health checks. An orthopedic assessment (Table S1)
was performed on the day of humane euthanasia under sedation with a barbiturate
overdose at the predetermined endpoint 6 months after surgery. Subsequently, all the
joints, surrounding joint tissues, and synovial fluids were scored (Table S2), dissected,
and photographed (Body Canon EOS R5, lens: Canon EF 100mm f/2.8L Macro IS USM,
flash: Macro Ring lite MR-14EX II). Biopsies 1 cm by 1 cm square containing the entire
defects were harvested with an oscillating saw.

Ethical evaluation and approval were provided by the Health Products Regulatory
Authority of Ireland (AE1898217/P032), The Animal Research Ethics Committee of
University College Dublin (AREC-P-12-71) and the Lyons Animal Welfare Board (Health,
Husbandry and Monitoring plans).

2.6 Macroscopic assessment of the defect repair in caprine model

The quality of the cartilage repair in the caprine samples was assessed semi-
quantitatively using the International Cartilage Repair Society (ICRS) macroscopic
evaluation system (Table S3) and a macroscopic scoring system (Table S4) developed
by Goebel et al. **. The ICRS scoring system evaluates the macroscopic appearance
of cartilage repair tissue as Grade IV (severely abnormal), Grade Il (abnormal),
Grade Il (nearly normal) or Grade | (normal). The Goebel Score describes macroscopic
articular cartilage repair with five major evaluation categories. The quality of defect
repair was scored on fresh samples by two independent assessors, and the scores were
averaged for further analysis. All the samples were fixed in 4% formalin for 10 days
after macroscopic assessment for further analysis.

2.7 Micro-computed tomography

From the mouse model, the retrieved bovine osteochondral plugs were scanned
(Quantum GX, Perkin Elmer, USA) with the following settings after fixation in 4%
formalin: energy 90 KV, intensity 88 pA, 18 mm FOV, 36 pm isotropic voxel size. All the
scans above were under an X-ray filter of Cu (thickness = 0.06 mm) and Al (thickness
= 0.5 mm) and were calibrated using a phantom with a known density of 0.75 g/cm?,
which was additionally scanned before and after each scan. A high-resolution mode
was set, and a scan time of 4 minutes was used.
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The caprine samples were scanned with the same settings except for 36 mm FOV, 72
pm isotropic voxel size. Image processing included modest Gauss filtering (sigma=0.8
voxel, width=1 voxel) and segmentation using a single threshold. A cylindrical region
(4 mm diameter and 5 mm height) within the original defect (6 mm diameter and
6 mm height) was selected as a volume of interest (VOI) for the caprine samples.
In this VOI the following morphometric parameters were measured: bone volume
per total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N),
and trabecular separation (TB.Sp). Morphological analyses were performed using IPL
(Scanco Medical AG, Bruettisellen, Switzerland).

2.8 Histology and immunohistochemistry

The bovine osteochondral plugs cultured ex vivo were decalcified for 2 weeks
using 10% formic acid (Sigma, Saint Louis, USA). After micro-CT scanning, the
bovine osteochondral plugs harvested from mice were decalcified using 10%
ethylenediaminetetraacetic acid (EDTA, Sigma, Saint Louis, USA) for 4 weeks. The
caprine samples were decalcified for 3 weeks using 10% formic acid. Subsequently,
all samples were embedded in paraffin and sectioned at 6 pm. Following dewaxing,
H&E staining was performed with Hematoxylin (Sigma, Saint Louis, USA) and Eosin
Y (Merck, Kenilworth, USA) to study general cell and tissue morphology. To visualise
glycosaminoglycans in the extracellular matrix (ECM), dewaxed sections were
stained with Safranin O (Fluka, Buchs, Switzerland) and Light green (Fluka, Buchs,
Switzerland). To study the regenerated tissue type in the osteochondral defects, RGB
staining was performed (Proteoglycans/hyaline cartilage appears blue, mineralised
cartilage matrix appears pink/greenish, collagen fibers/uncalcified bone appears red,
and mineralised bone appears green) using Alcian Blue (Sigma, Saint Louis, USA),
Fast Green (Sigma, Saint Louis, USA), and Picrosirius Red (Sigma, Saint Louis, USA) ¥'.
The cell number in the scaffolds was counted under microscopy. NDP View2 software
(version 2.8.24, 2020 Hamamatsu Photonics K.K.) was used to measure the tissue
volume in the defect at three sections that were taken at the middle, 0.5 mm and 1
mm further away for bovine samples or at the middle for caprine samples (Figure S2).
The percentage of the defect covered with newly formed osteochondral tissue (100%
indicated that the defect was fully filled with newly formed tissue) was calculated
(Figure S3). All slides were independently scored by two investigators blinded to the
experimental condition. The measurements of the two investigators were averaged
for each section.

To investigate the presentation of neutrophils in the defect, immunohistochemistry
for myeloperoxidase (MPO) was performed on retrieved bovine osteochondral samples
from the mouse study. After dewaxing, antigen retrieval was performed by placing the
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slides with Tris/EDTA (pH9) in a water bath at 95 °C for 20 minutes. Then the slides
were pre-incubated with 10% normal rabbit serum (NRS, Invitrogen, Massachusetts,
USA) in PBS containing 1% bovine serum albumin (BSA, Sigma, Saint Louis, USA) and
1% milk powder (ELK, Campina, Amersfoort, Netherlands). The slides were incubated
by the first antibody against MPO (Thermo Scientific, Massachusetts, USA, 1:200
dilution) or rabbit IgG antibody (DakoCytomation, California, USA, 1:10000 dilution)
as the negative control in PBS containing 1% BSA for 1 hour. Next, the slides were
incubated by biotinylated goat-a-rabbit (Biogenex, California, USA, 1:50 dilution
in PBS containing 1% BSA and 5% mouse serum of total volume) for 30 min. Then,
the reaction was amplified by streptavidin-labeled alkaline-phosphatase (Biogenex,
California, USA) diluted 1:50 in PBS containing 1% BSA and visualized by subsequent
incubation of Neu Fuchsin substrate. Slides were counterstained with Hematoxylin.

To evaluate the infiltration of macrophages in the defect, immunohistochemistry for
F4/80 was performed on bovine osteochondral plugs retrieved from the in vivo mouse
study. For antigen retrieval, each dewaxed slide was treated with 300 pL proteinase
K (20 pg/ml, Thermo Scientific, Massachusetts, USA) solution and incubated at 37 °C
for 30 min. Then the slides were pre-incubated with 10% NRS in PBS containing 1% BSA
and 1% milk powder. The following steps were similar to the immunohistochemistry
for F4/80, with the first antibody against F4/80 (eBioscience, San Diego, USA, 1 ug/
ml) or rat IgG2a (eBioscience, San Diego, USA, 1ug/ml) as the negative control in PBS
containing 1% BSA; the second antibody: biotinylated rabbit-anti-rat 1gG (6 pg/ml
in PBS containing 1% BSA and 5% mouse serum of total volume), and third antibody:
streptavidin-labeled alkaline-phosphatase (Biogenex, California, USA) diluted 1:50
in PBS containing 1% BSA. To distinguish between pro-inflammatory (M1) and anti-
inflammatory/tissue-repair (M2) macrophages, immunohistochemistry for inducible
Nitric Oxide Synthase (iNOS, as an indicator for pro-inflammatory M1 macrophages)
was performed. The steps were similar to the immunohistochemistry for MPO, with
the first antibody against iNOS (2 pg/ml, Abcam, Cambridge, UK).

The slides were ranked according to the positive degree of immunohistochemical
staining, and all negatively stained sections were ranked 0. Only areas that were also
stained for F4/80 were taken into account when the iNOS staining was ranked.

2.9 Statistical analysis

All statistical tests were performed using SPSS software 28.0 (SPSS inc., Chicago,
USA). The repair tissue volume was expressed as mean = standard deviation (SD). The
rankings of immunohistochemical MPO, F4/80, and iNOS staining were presented as
column plots in graphs. Multiple comparisons between scaffold-only, BMP-2 and PDGF
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groups in bovine osteochondral plug samples were analysed by a Kruskal-Wallis test.
Statistically significant differences between scaffold-only and scaffold+BMP-2 groups,
or between trochlear groove and femoral condyle groups, in caprine samples were
determined by a Mann-Whitney U test. A P value < 0.05 was considered statistically
significant.

3. RESULTS

3.1 Scaffold characterization

SEM images show the detailed morphology of the cartilaginous layer (collagen, Figure
1A) and the bone layer (60% collagen and 40% magnesium-hydroxyapatite, Figure 1B)
of the scaffolds. The ratio between collagen and magnesium-hydroxyapatite is 69/31
w/w%. The mineral phase is composed of non-stoichiometric, calcium deficient,

Magnesium-substituted hydroxyapatite. The total porosity of the osteochondral
scaffold was 83 + 1%.

Figure 1. SEM images of (A) the cartilaginous layer (collagen) and (B) the bone layer (60% collagen
and 40% magnesium-hydroxyapatite).

3.2 The release profiles of BMP-2 and PDGF-BB in vitro

0.6% of the added BMP-2 was detected in the medium after adsorption for the
collagen-only layer and 3.0% for the Col-Mg-HAp layer, indicating that most BMP-2
was indeed adsorbed, and both layers had a similar adsorption capacity at the tested
volume. Over 14 days, only 48.8 + 14.8 ng and 22.1 + 3.4 ng of adsorbed BMP-2
was released from collagen-only layers or Col-Mg-HAp layers, respectively (Figure
2A). BMP-2 was largely retained within the scaffolds. A similar release pattern was
observed for both layers, although the collagen-only layer released (2-fold) more over
the 14 days period (Figure 2A).
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Of the added PDGF-BB, 3.9% was detected in the medium after adsorption for the
collagen-only layer and 5.9% for the Col-Mg-HAp layer, indicating most was adsorbed
and both layers and a similar adsorption capacity. In contrast to BMP-2, a rapid release
of PDGF-BB from the collagen-only layer was observed, and 600.4 + 273.6 ng was
released within 6 hours (Figure 2B). Interestingly, almost no release was observed
from the Col-Mg-HAp layer; Only 33.8 + 11.8 ng PDGF-BB cumulatively released from
the Col-Mg-HAp layer over 7 days.
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Figure 2. Bone morphogenetic protein 2 (BMP-2) and Platelet-derived growth factor-BB (PDGF-

BB) released from the different layers of the Col/Col-Mg-HAp scaffold.

(A) In vitro release of BMP-2 from the different layers of Col/Col-Mg-HAp scaffold over a 14-day period. (B) In
vitro release of PDGF-BB from the different layers of the Col/Col-Mg-HAp scaffold over a 7-day period. The
release of BMP-2 and PDGF-BB is presented as the released dose at each time point. Data points indicate the
mean + SD of 3 samples per time point.

3.3 Effect of BMP-2 and PDGF-BB on cell ingrowth in an ex vivo
culture model

To evaluate the effect of BMP-2 or PDGF-BB addition onto the scaffold on cell
recruitment from adjacent osteochondral tissues, an ex vivo model was used. After
3 weeks, the scaffolds filled the osteochondral defects, and cells infiltrated the
scaffolds. In the scaffold without growth factors, cells were mostly located at the
periphery of the scaffold (Figure 3A). Interestingly, when BMP-2 or PDGF-BB were
added, cell infiltration was also observed in the center, particularly in the collagen-
only layer (Figure 3A). Almost no cells were found in the Col-Mg-HAp layer. Overall,
the addition of growth factors significantly increased cell infiltration into the scaffolds
(Figure 3B).
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Figure 3. Adsorption of BMP-2 or PDGF-BB might improve the cell recruitment property ex
vivo.

(A) Representative images of the 3-week constructs stained with H&E. Scale bars indicate 1 mm and 100 pym,
respectively. Magnified images showed cell infiltration at the periphery (black square), in the center (red square)
of the collagen-only layer, and in the Col-Mg-HAp layer (blue square) of the scaffold. Black arrows indicate
infiltrated cells. (B) The number of cells infiltrated into the scaffolds. Each bar indicates the mean + SD of 4
samples per condition. * P<0.05 analysed by a Kruskal-Wallis test.

3.4 Effect of BMP-2 and PDGF-BB at the early phases of bone repair
in an in vivo semi-orthotopic osteochondral defect model in mice

One dose of BMP-2 (4 pg) and two doses of PDGF-BB (100 ng and 2 ug) were tested in
order to investigate their potential effect on the early stages of bone repair. After 4
weeks, neither cartilage nor bone formation were observed in any of the samples with
scaffold-only (Figure 4A). When BMP-2 or PDGF-BB was adsorbed into the scaffold,
cartilage-like tissue was found in 1 out of 4 samples with 100 ng PDGF-BB, 2 out
of 4 samples with 2 pyg PDGF-BB and 2 out of 4 samples with 4 pg BMP-2 (Figure
4B). Interestingly, the scaffolds adsorbed with either 4 pg BMP-2 or 2 yg PDGF-BB
showed less MPO (as an indicator for neutrophils) and iNOS (as an indicator for pro-
inflammatory macrophages) staining, albeit this did not reach statistical significance
due to the relatively low sample size (Figure S4).

The effect of 4 ug BMP-2, 2 pg PDGF-BB or the combination of the two were further
investigated in the semi-orthotopic mouse model after 8 weeks. Inflammation was
largely resolved in all samples. Immunohistochemical staining for MPO and iNOS was
negative in all but one defect that was from the scaffold-only group. No difference was
found between the different groups. All the defects were filled with bone tissue and
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blood vessels were observed, independent of the presence of growth factors (Figure
4C). Overall, there was slightly more tissue repair in BMP-2-adsorbed scaffolds (78.9 +
23.1% of the defect filled) compared to PDGF-BB-adsorbed scaffolds (50.9 + 28.0%) or
scaffold-only (68.8 + 36.2%) (Figure 4D). Partially repaired bone defects were found
in 5 out of 7 defects fitted with PDGF-BB-adsorbed scaffolds, while only in 3 out of
7 in the scaffold-only group and 2 out of 7 in the group of BMP-2 adsorbed scaffolds.
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Figure 4. The effect of BMP-2 or PDGF-BB adsorption onto Col/Col-Mg-HAp scaffolds on
osteochondral defect repair in a semi-orthotopic model in vivo.

(A) Representative images of the 4-week repair constructs stained with safranin-O. Scale bars indicate 1 mm.
Black arrows indicate cartilage-like tissue. Red arrows indicate blood vessels. (B) The percentage of the defect
filled with osteochondral tissue (%) in the osteochondral defects at 4 weeks. (C) Representative images of the
8-week repair constructs stained with safranin-O, and the 8-week CT images. The best, average and worst
repaired samples are presented based on osteochondral tissue volume (%). Scale bars indicate 1 mm. Red arrows
indicate blood vessels. (D) The percentage of the defect filled with osteochondral tissue (%) in the osteochondral
defects at 8 weeks. Scale bars indicate 1 mm.
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3.5 Effect of BMP-2 on bone repair in an in vivo caprine model

3.5.1 Scaffold implantation and clinical observations

Most osteochondral tissue was regenerated in the osteochondral defects when 4 pg
BMP-2 was adsorbed to the Col/Col-Mg-HAp scaffold in the mouse model. Therefore,
BMP-2 was selected to be further investigated in an established bilateral preclinical
caprine osteochondral defect model. Two differently loaded locations were selected
in this caprine model: a weight-bearing region of the medial femoral condyle and
a non-weight-bearing area in the trochlear groove. During surgery, scaffolds were
successfully press fit into osteochondral defects flush with the surrounding cartilage.
All defects bled after drilling and scaffolds became saturated with fresh blood upon
implantation, as observed by a change in colour of the implanted scaffold.

Recovery was uneventful and no postoperative complications occurred except for the
unforeseen death of one animal 3 days post-surgery due to ruminal acidosis caused by
overeating of concentrates, unrelated to the experimental procedure. Macroscopic
appearance after 3 days in the unforeseen dead animal showed that scaffolds were
stable in the osteochondral defects (Figure S5A). The two layers of the scaffold were
clearly visible in the defects (Figure S5B).

Clinical examination of animals daily for 14 days post-surgery and weekly until the
endpoint at 6 months demonstrated excellent recovery from surgery and a normal
pain-free range of movement and normal locomotion from 3-10 days post-surgery. After
6 months, there were no signs of inflammation or cartilage abnormalities found during
post-mortem evaluation of the joints. No signs of joint swelling, effusion, abnormal
mobility, synovial adhesions, synovial fluid and membrane abnormalities, abnormal
wound healing, patellar luxation, erosions or lesions on the opposite cartilage surface
were found in any of the animals.

3.5.2 Tissue repair in the non-weight-bearing trochlear groove
osteochondral defects

To quantify the subchondral bone formation within the bone defect, micro-CT analysis
was performed. Well-repaired subchondral bone was observed in the images of the
trochlear groove treated with both the scaffold-only and BMP-2-adsorbed scaffold at
6 months (Figure 5A). A slightly higher Tb.N was found in the defects with BMP-2-
adsorbed scaffolds. No significant differences in the BV/TV, Tb.Th, Tb.N and Tb.Sp
were found between the groups (Figure 5B).

Macroscopical and histological evaluation of the cross sections of the defect supported
the micro-CT quantification (Figure 5C). Overall, the scaffolds were completely
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Figure 5. Tissue repair in non-weight-bearing trochlear groove defects.

(A) Representative Micro-CT reconstructions treated with either scaffold-only or scaffold adsorbed with BMP-2.
The best, average and worst repaired samples are presented based on BV/TV. The scale bar indicates 2 mm. (B)
BV/TV, trabecular thickness (Tb.Th [mm]), trabecular number (Tb.N [1/mm]), and trabecular separation (Tb.
Sp [mm]) in the bone defects after 6 months. (C) RGB (Alcian Blue, Fast Green, and Picrosirius Red) staining
and macroscopic cross-sectional view of osteochondral defects treated with either scaffold-only or scaffold
adsorbed with BMP-2. The best, average and worst repaired samples are presented. White squares indicate 6*6
mm osteochondral defects. Black arrows indicate the structure with only bone marrow. The scale bar indicates
5 mm. (D) The percentage of tissue volume calculated in the bone defects (BD). (E) The percentage of tissue
volume calculated in the cartilage defects (CD).
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degraded, and a well-structured subchondral trabecular bone was observed in most
bone defects after 6 months (Figure 5C). Slightly more bone tissue (93.9 + 4.4% vs.
90.1 + 8.4%) and less fibrous tissue (4.0 + 4.5% vs. 7.8 + 8.4%) was found in the bone
defects when the scaffolds were adsorbed with BMP-2 compared to the scaffold-only,
although no significant difference was reached (Figure 5D). Notably, a structure
without trabecular bone but with only bone marrow was observed underneath some
defects, independent of the condition.

Macroscopically, defects were covered with newly formed cartilage with good
integration into the surrounding native tissue. Small, scattered fissures or cracks
were observed on the surfaces of some defects, and no noticeable depressions were
observed (Figure S6A). The ICRS and Goebel scores for the scaffold-only group had a
median score of 11.3 + 0.5 and 19.0 + 0.7, respectively (Figure S6B). For the scaffold
+ BMP-2 group, the macroscopic ICRS and Goebel scores were 11.6 + 0.6 and 19.3 +
0.5, respectively (Fig. S6B). All the trochlear groove samples were classified as normal
(grade ) or nearly normal (grade Il) cartilage. Overall, no significant difference was
observed in cartilage repair between scaffold-only and BMP-2-adsorbed scaffold. On
histology, 43.2 + 22.1% (scaffold-only) and 47.4 + 19.8% (scaffold + BMP-2) of the newly
formed tissue generated in the cartilage defects was fibrous tissue after 6 months
as indicated by predominantly Picrosirius red instead of Alcian blue staining in RGB
staining (Fig. 4E). And only 32.4 + 27.6% (scaffold-only) and 35.2 + 20.6% (scaffold
+ BMP-2) of the repaired tissue in the cartilage region was Alcian blue positive,
indicating hyaline cartilage (Figure 5E).

3.5.3 Tissue repair in the weight-bearing femoral condyle osteochondral
defects

For the femoral condyle, micro-CT analysis was performed in the same manner as
for the trochlear groove. In the weight-bearing femoral condyle, well-structured
subchondral bone was formed after 6 months in defects treated with the scaffold-only
or BMP-2 adsorbed scaffold (Figure 6A), no significant difference was found in the BV/
TV and Tb.Th parameters (Figure 6B). Surprisingly, a slightly lower BV/TV was found in
defects with BMP-2-adsorbed scaffolds, indicating relatively worse bone repair when
BMP-2 was adsorbed. Significantly less Tb.N (1.1 + 0.4 vs. 1.5 + 0.2, P=0.019, Figure
6B) and higher Tb.Sp (1.2 + 0.6 vs. 0.7 + 0.1, P=0.015, Figure 5B) were observed in
the femoral condyle bone defects fitted with BMP-2-adsorbed scaffolds, suggesting a
relatively courser bone structure when BMP-2 was adsorbed.

Macroscopic and histological evaluation of the cross sections through the defect
supported the micro-CT quantification (Figure 6C). Newly formed hyaline cartilage-
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Figure 6. Bone repair in the weight-bearing femoral condyle defects deteriorated with the
adsorption of BMP-2 onto the scaffold.

(A) Representative Micro-CT reconstructions treated with either scaffold-only or scaffold adsorbed with BMP-2.
The best, average and worst repaired samples are presented based on BV/TV. The scale bar indicates 2 mm. (B)
BV/TV, trabecular thickness (Tb.Th [mm]), trabecular number (Tb.N [1/mm]), and trabecular separation (Tb.Sp
[mm]) in the bone defects after 6 months. Tissue repair in the femoral condyle defects. (C) RGB (Alcian Blue,
Fast Green, and Picrosirius Red) staining and macroscopic images of osteochondral defects treated with either
scaffold-only or scaffold adsorbed with BMP-2. The best, average and worst repaired samples are presented.
White squares indicate 6*6 mm osteochondral defects. The scale bar indicates 5 mm. (D) The percentage of tissue
volume calculated in the bone defects (BD). * P<0.05 in fibrous tissue, # P<0.05 in osteochondral (cartilage-like
and bone-like) tissue. (E) The percentage of tissue volume calculated in the cartilage defects (CD).



BMP-2 and PDGF-BB in osteochondral defect repair

like tissues were mostly supported by a well-structured subchondral trabecular bone
that was well-integrated in the surrounding native bone (Figure 6C). Surprisingly,
significantly less cartilage and bone tissue were observed in the bone defects fitted
with BMP-2-adsorbed scaffolds compared to the bone defects treated with scaffold-
only (92.7 £ 9.5% vs. 99.1% + 1.7%, P=0.043, Figure 6D). In addition, significantly more
fibrous tissue was found in the bone defects when BMP-2 was adsorbed onto the Col/
Col-Mg-HAp scaffolds (6.9 + 8.4% vs. 1.0 + 1.6%, P=0.035, Figure 6D). Some defects
demonstrated cyst like areas without trabecular bone below some of the defects.
However, marrow-like tissue was found in these areas.

The defects were mostly covered with hyaline cartilage-like tissue with macroscopically
good integration with the surrounding native tissue (Figure S6C). Small, scattered
fissures or cracks were observed on surfaces of some defects, and no noticeable
depressions were observed except for one sample treated with Col/Col-Mg-HAp
scaffolds-only. The median ICRS score was 10.8 + 0.5 out of 12, and the median Goebel
score 18.9 + 0.5 out of 20 (Figure S6D) when scaffold-only was placed in the defects.
The defects with the scaffold + BMP-2 received median ICRS scores of 10.3 + 1.8 out
of 12, and median Goebel scores of 18.5 + 1.8 out of 20 (Figure S6D). All the samples
were classified as normal (grade I) or nearly normal (grade Il) cartilage except for one
sample treated with BMP-2 (grade Ill). By histological examination, the scaffolds were
completely degraded after 6 months, and round cells residing within lacunae were
present in the cartilage region. GAG and collagen were present in the repair tissue in
the defects demonstrated by RGB staining (Figure 6C), indicating cartilaginous tissue
formation. In fact, 77.8 + 16.5% (scaffold-only) and 78.8 + 14.7% (scaffold + BMP-2)
of the newly formed tissue was Alcian blue positive, indicating hyaline-like cartilage
(Figure 6E).

3.5.4 Different tissue repair in the non-weight-bearing trochlear groove
and the weight-bearing femoral condyle osteochondral defects

In trochlear groove bone defects, the trabecular number was lower (1.2 + 0.5 vs.
1.5 + 0.2, P=0.063) and the trabecular separation was higher (1.1 + 0.6 vs. 0.7 + 0.1,
P=0.052) compared to the femoral condyle defects when scaffold-only was implanted,
although no significant difference was found. Interestingly, when BMP-2 was adsorbed
onto the scaffold, an opposite trend was found in Tb.N (1.4 + 0.4 in trochlear groove
and 1.1 = 0.4 in femoral condyle, P=0.143) and Tbh.Sp (0.8 = 0.5 in trochlear groove
and 1.2 £ 0.6 in femoral condyle P=0.105). In other words, there was 0.2 + 0.6 higher
Th.N, 0.3 £ 0.9 lower Tb.Sp in the trochlear groove defect and 0.47 + 0.6 lower Tbh.N
(P=0.029, compared to trochlear groove), 0.5 + 0.7 higher Tbh.Sp (P=0.063, compared
to trochlear groove) in the femoral condyle defect when BMP-2 was adsorbed onto
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the scaffold, indicating that bone repair was improved in trochlear groove defects
and reduced in femoral condyle defects when BMP-2 was added. Histological results
further confirmed that significantly more bone-like tissue was regenerated in the
trochlear groove defects compared to the femoral condyle defects when BMP-2 was
added (93.9 + 4.4% vs. 83.5 £ 9.8%, P=0.011), while no difference between weight-
bearing and non-weight-bearing sites was observed when scaffold-only was implanted
(90.1 = 8.4% vs. 86.7 £ 11.5%, P=0.579). For cartilage repair, however, significantly
less hyaline cartilage-like tissue was observed in the non-weight-bearing trochlear
groove compared to the weight-bearing femoral condyle defects with either scaffold-
only (32.4 + 27.6% vs. 77.8 + 16.5%, P=0.003) or BMP-2-adsorbed scaffold (35.2 + 20.6%
vs. 78.8 = 14.7%, P<0.001).

4. DISCUSSION

In this study, we evaluated the effectiveness of growth factor adsorption onto
a bilayer Col/Col-Mg-HAp scaffold in osteochondral defect repair. In vitro release
results showed that the Col-Mg-HAp (bone) layer retained more growth factor than
the collagen-only (cartilage) layer and that BMP-2 was retained much better than
PDGF-BB. In an ex vivo osteochondral defect model, cell ingrowth into the scaffold
was enhanced by BMP-2 and by PDFG-BB. In a semi-orthotopic non-weight-bearing
osteochondral defect mouse model representing the early phase (4 weeks) of defect
repair in vivo, the addition of growth factors resulted in fewer pro-inflammatory cells
and better tissue repair, with BMP-2 showing the most favorable results. Therefore
BMP-2 addition was taken forward for testing in an established preclinical large
animal osteochondral defect model to study scaffold enhancement by BMP-2 under
physiological environment with different loading conditions. After 6 months in goats,
both the scaffold-only and the BMP-2 adsorbed scaffold induced good osteochondral
defect healing. Surprisingly, the addition of BMP-2 led to worse bone repair in the
weight-bearing femoral condyle osteochondral defects, whereas this negative effect
of BMP-2 was not seen in the non-weight-bearing trochlear groove osteochondral
defect location.

Our approach was based on the sequential use of osteochondral defect models: the
first experiments were performed in an ex vivo bovine osteochondral explant model,
followed by a semi-orthotopic non-weight-bearing model where we implanted bovine
osteochondral explants subcutaneously in mice. This took into account the effects
of the innate immune system and blood vessel invasion. We then selected the most
promising condition to be further evaluated in a preclinical caprine osteochondral
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defect model, where we tested both weight-bearing and non-weight-bearing repair
conditions simultaneously. All models were developed and used previously to evaluate
new osteochondral repair approaches ***. In vivo animal models can closely resemble
the human osteochondral microenvironment in the context of the presence of
immune cells and tissue repair factors. The mouse model allows the screening of four
conditions in one animal, whereas the caprine bilateral osteochondral defect model
is a fully immune-competent model using outbred animals. That model also allows
animal controls (comparing left and right knees), and provides the opportunity to
assess tissue regeneration in both weight-bearing and non-weight-bearing locations
within the same joint. These animal models offered the opportunity to investigate
the possible effect of incorporating growth factors into a Col/Col-Mg-HAp scaffold for
osteochondral repair towards translation into the human patient.

Loading can have a significant effect on tissue repair ***. Not much is known about
the interaction between mechanical loading and growth factors and their effect
upon osteochondral tissue repair “**2. To study the effect of mechanical stimuli on
osteochondral repair during normal ambulation, we used both a non-weight-bearing
location (adistal regionin the trochlear groove) and a weight-bearing location (a central
region on the medial femoral condyle) in the bilateral stifle caprine osteochondral
defect model **. Better subchondral bone repair was observed in the non-weight-
bearing trochlear groove defects than in the weight-bearing femoral condyle defects
when BMP-2 was adsorbed onto the scaffold, while no significant difference in repair
was found between locations when the scaffold without additions was evaluated. In
the non-weight-bearing trochlear groove defects, there was a trend towards more
bone-like tissue being generated in the BMP-2-adsorbed scaffolds compared to the
scaffold-only. However, this difference did not reach statistical significance, which
might be due to the excellent repair capacity of the scaffold-only. The weight-bearing
femoral condyle defects implanted with BMP-2-adsorbed scaffolds appeared to have
less bone repair and more fibrous tissues in the bone defect compared to the scaffold-
only.

Notably, there was no mechanical loading in the semi-orthotopic mouse model and
at the 4-week time point, the addition of BMP-2 to the scaffolds seemed beneficial.
Our results reveal the interesting hypothesis that, with a specific dose of BMP-2, the
beneficial effect of BMP-2 on bone repair is apparent in non-weight-bearing conditions,
whilst BMP-2 addition can be detrimental to bone repair in weight-bearing conditions.
Although the effect of BMP-2 on osteochondral defect repair in different loading
environments is still unknown, the action of BMP-2 on tibia fractures or femoral bone
defect healing was demonstrated to be dependent on the mechanical environment in
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vivo . This might be due to an interaction between BMP-2 and mechanical loading
4 and related to the dosage used. Compression and loading affect BMP signalling
both immediately and in a long-term manner “. Mechanical loading was shown to
increase BMP-2 expression ¥, and the effect of BMP-2 can be strongly potentiated
by mechanical forces . It is possible that the combination of added and locally
produced BMP-2 might lead to an overstimulation of BMP-2 signalling, which is shown
to cause inflammation, bone resorption and fibrotic tissue formation *>**. No previous
study has reported this potential side effect nor the relationship with mechanical
loading. However, the mechanical loading patterns in long bone defects with fixation
and osteochondral defects with scaffolds in the femoral condyle (especially with the
presence of synovial fluid) are quite distinct from one another. Therefore, further
studies are needed to elucidate if and at which step of the BMP signalling cascade the
pathway is modulated and by which type of mechanical stimuli.

BMP-2 is, to date, the only FDA-approved and commercially available osteoinductive
growth factor used in clinics. The function and application of BMP-2 in promoting
bone regeneration and bone remodelling has been widely investigated preclinically
and clinically ***°. Mg®" was incorporated in this scaffold, which might up-regulate
the bioactivity of BMP-2 upon calcium phosphate cement via enhanced BMP receptor

. Previous studies have demonstrated that BMP-2 accelerated the

57,58

recognition
migration of bone marrow mesenchymal stromal cells (MSCs) in vitro and in vivo
In the presented study, we also observe the promotion of cell ingrowth by BMP-2
addition in our ex vivo culture model. Although the primary expected function of BMP-
2 in promoting bone repair is to enhance MSC migration to the sites, differentiation
into osteoblasts, and enhancing the osteogenic capacity of osteoblasts, BMP-2-
induced osteogenesis may also involve an immunoregulatory role **°. Macrophages
act as immune cells and osteoclast precursors, and are involved in multiple stages of
bone healing . BMP-2 might diminish the expression of pro-inflammatory phenotypic
markers and promote the macrophage transition towards a more tissue repair-like
phenotype ®. Neutrophils and M1 macrophages participate in tissue repair as effector
cells in inducing inflammation and M2 macrophages are involved in the resolution

of inflammation, promoting angiogenesis and matrix remodelling .

In our semi-
orthotopic model, fewer M1 macrophages, as well as neutrophils, were found in the
BMP-2 condition than in the scaffold-only condition after 4 weeks. Therefore, the
regulatory effect of BMP-2 in a local osteoimmune environment might be one of the

potential mechanisms for promoting bone healing in the early phase.

Although BMP-2 has been clinically applied because of its osteogenic effect, it is still not
widely used due to the adverse events associated with implanted supraphysiological
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high doses **. The most documented side effect is ectopic ossification. Aulin et al.
demonstrated that intra-articular injection of a hyaluronan hydrogel containing BMP-
2 (150 pg/mL) resulted in excessive ectopic bone formation on the knee joint surface
of rabbits (6-7-month-old females) . In our study, we used 57.1 pg/mL BMP-2 for
both 4“4 mm and 6*6 mm cylindrical osteochondral defects according to our previous
in vivo results °. HAp was reported to have a high affinity for BMP-2 due to the large
surface area and functional groups %, Three types of functional groups, ~-OH, -NH,,
and -COO- allow BMP-2 to adsorb on the HAp surface ®. This is not the case for
all growth factors, where, for example, no functional groups or only one might be
present. In vitro, we demonstrated that BMP-2 was bound and largely retained in
both layers, especially in the Col-Mg-HAp layer. In this way, a sustained release was
expected, thereby reducing the adverse events of BMP-2. Over longer periods, however,
correlations between the in vitro and in vivo settings become ever more unreliable
since the release in vivo will be determined by the degradation of the scaffold as well.
In fact, no BMP-2-related ectopic ossification or abnormal inflammation was observed
in the knee joints of our experimental goats macroscopically or on Micro-CT. Similarly,
no ectopic ossification was reported in a publication that investigated the addition
of 625 pg/mL of BMP-2 (adsorbed onto Col/HAp scaffolds) in skeletally mature male
rabbits %,

Consistent with other studies, we found that PDGF-BB is an effective chemoattractant
of cells ex vivo *. PDGF-BB was rapidly released from the collagen-only layers within
6 hours, most PDGF-BB was retained in the Col-Mg-HAp layers in vitro. This might be
due to the capacity of HAp in adsorbing a large quantity of proteins and drugs. At
the early repair phase in the in vivo mouse model, both dosages (1 pg and 100 ng) of
PDGF-BB slightly improved tissue formation. Most of the regenerated tissue was in
the bone defect area, which might be related to the sustained release from the Col-
Mg-HAp layers, which is aimed at the repair of the bone defect specifically. Lee et al.
reported that labeled cells migrated towards the osteochondral defect when defects
were treated with PDGF-AA or PDGF-BB loaded heparin-conjugated fibrin . Overall,
the chemotactic ability of PDGF-BB might be one of the mechanisms in inducing tissue
repair in the early phase. However, after 8 weeks, the defects loaded with PDGF-BB
generated slightly less osteochondral tissue compared to scaffold-only. A previous
study on osteochondral repair also showed that the addition of 1 pg/mL PDGF-BB
worsened the cartilage repair in an in vivo subcutaneous mouse model, although cell
recruitment was enhanced in vitro. The short half-life of PDGF might be one of the
reasons for the different results between in vitro and in vivo studies. Zhang et al.
demonstrated that PDGF-BB overexpression improved the osteogenic and angiogenic

l67

abilities of MSCs in a critical-sized rat calvaria defect model *’. We also expected the
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combination of BMP-2 and PDGF-BB to further improve bone repair, since PDGF was
reported to modulate BMP-2-induced osteogenesis in periosteal progenitor cells .
However, no significant improvement was found after 8 weeks in the semi-orthotopic
mouse model in vivo. Therefore, PDGF-BB and the combination of BMP-2 and PDGF-
BB were not further evaluated in our large animal osteochondral defect model.
Suboptimal subchondral bone repair of osteochondral defects might lead to damage
of the renewed overlying cartilage in the long term . In our caprine large animal
model, blinded macroscopic evaluation of repaired cartilage tissue indicated the
presence of a smooth white cartilaginous layer that was continuous with surrounding
naive cartilage, both with control scaffolds and BMP-2 enhanced scaffolds. Histology
further confirmed the presence of hyaline cartilage in the superficial layer, with no
significant improvement or deterioration observed when BMP-2 was added. This might
be due to that tissue repair was assessed at only one, relatively early, 6-month time-
point in the caprine model. A longer 12- or 24-month study might be useful to confirm
the potential effectiveness of enhanced bone repair on the long-term survival of the
neocartilage.

5. CONCLUSIONS

Adsorption of BMP-2 onto a Col/Col-Mg-HAp scaffold reduced bone formation in
weight-bearing osteochondral defects, but not in non-weight-bearing osteochondral
defects. Since the application of BMP-2 adsorbed to a Col/Col-Mg-HAp scaffold in
osteochondral defects did not lead to adverse effects in the joint of goats, and human
patients are not allowed full weight-bearing in the first weeks after the osteochondral
repair, further investigation taking into consideration dose of BMP-2, timing and
location of application for osteochondral defect repair is warranted.



BMP-2 and PDGF-BB in osteochondral defect repair

Supplementary Material

Table S1: Clinical Health Assessment.
This tool is to evaluate the overall health of the caprines.

Parameter

Feeding behavior

Clinical signs

Natural behavior

Total score

Variables

Normal

Somewhat less appetite

Clearly reduced appetite

No food intake

Norm peripheral temp, respiratory, no obvious clinical abnormal
Rect T + 0.5°C, Cardiac/Respiratory rates increase > 20 %
Rect T + 1°C, Cardiac/Respiratory rates increase > 30 %
Rect T + 2°C, Cardiac/Respiratory rates increase > 50 %
Normal

Minor changes (such as less responsiveness)

Less mobile and alert, isolated

Restless or still or not raising

Score

N W N =2 N w M

=

12
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Table S2: Clinical Orthopedic Assessment.
This tool is to evaluate the clinical health of caprine joints.

Parameter

Lameness

Joint mobility

Pain on knee palpation and

movement

Weight-bearing

Overall score of clinical condition

Total score

Variables

Walks normally

Slightly lame when walking

Moderately lame when walking

Severely lame when walking

Reluctant to rise and will not walk more than five paces
Full range of motion

Mild limitation (10-20%) in ROM; no crepitus

Mild limitation (10-20%) in ROM; with crepitus
Moderate limitation (20-50%) in ROM; zcrepitus
Severe limitation (>50%) in ROM; tcrepitus

None

Mild signs; Caprine turns head in recognition
Moderate signs; Caprine pulls limb away

Severe signs; Caprine vocalises or becomes aggressive
Caprine will not allow palpation

Equal on all limbs standing and walking

Normal standing; favours affected limb when walking
Partial weight-bearing standing and walking

Part. weight-bearing standing; non-weight-bearing walk
Non-weight-bearing standing and walking

Not affected

Mildly affected

Moderately affected

Severely affected

Very severely affected

Score

= N W N U =2 N W A U= N W DN -

N W A WU
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Table S3: Macroscopic joint Assessment.
This tool is to evaluate the macroscopic normalization of caprine joints when the joints were opened.

Parameter Variables Score
Wound healing abnormal Yes 0
No 1
Swelling of joints area Yes 0
No 1
Effusion of the joints Yes 0
No 1
Patellar luxation Yes 0
No 1
Joint mobility abnormal / Contractures Yes 0
No 1
Adhesions of whole joint Yes 0
No 1
Erosions of whole joint Yes 0
No 1
Synovial fluid abnormal Yes 0
No 1
Synovial membrane abnormal Yes 0
No 1
lesion on the opposite cartilage surface Yes 0
(trochlear groove vs patella) No 1
lesion on the opposite cartilage surface Yes 0
(medial femoral condyle vs meniscus/tibia plateau) No 1

Total 0-11
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Table S4: International Cartilage Repair Society (ICRS) cartilage repair scoring system *.

Parameter

Degree of defect repair

Integration to border
zone

Macroscopic appearance

Overall

Variables

In level with surrounding cartilage

75% repair of defect depth

50% repair of defect depth

25% repair of defect depth

0% repair of defect depth

Complete integration with surrounding cartilage
Demarcating border < 1 mm

% of graft integrated, 4 with a notable border > 1 mm

1/2 of graft integrated with surrounding cartilage,1/2 with a notable
border > 1 mm

From no contact to % of graft integrated with surrounding cartilage
Intact smooth surface

Fibrillated surface

Small, scattered fissures or cracks

Several, small or few but large fissures

Total degeneration of grafted area

Grade | normal

Grade Il nearly normal
Grade Il abnormal

Grade |V severely abnormal

scores
4
3

- N W N O =

N w N O

12
11-8
7-4
B
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Table S5: A semi-quantitative macroscopic scoring system developed by Goebel et al. *'

Parameter

Color of the repair tissue

Presence of blood vessels in the repair tissue

Degeneration of adjacent articular cartilage

Surface of the repair tissue

Percentage defect filling

Total Scores

Variables

Hyaline or white

Predominantly white (>50%)
Predominantly translucent (>50%)
Translucent

No repair tissue

No

Less than 25% of the repair tissue
25-50% of the repair tissue
50-75% of the repair tissue

More than 75% of the repair tissue

Normal

Cracks and/or fibrillations in integration zone

Diffuse osteoarthritic changes

Extension of defect into the adjacent cartilage

Subchondral bone damage
Smooth, homogeneous
Smooth, heterogeneous
Fibrillated

Incomplete new repair tissue (rough)

No repair tissue
80-100 %

60-80 %

40-60 %

20-40%

0-20 %

scores
4
3

- N w AN O N W A O = N W A O =

N w N O

20
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Figure S1. Experiment setup of both in vitro and in vivo studies

(A) Scheme of the in vitro release of BMP-2 and PDGF-BB from the different layers of the Col/Col-Mg-HAp
scaffold. (B) Scheme of the ex vivo osteochondral defect culture model. (C) Scheme of the in vivo osteochondral
defect mouse model. (D) Scheme of the in vivo osteochondral defect in femoral condyle and trochlear groove

defects in caprine model.
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Figure S2. Collection of sections from bovine or caprine samples for histology.
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Figure S3. Example on defining the defect region, newly formed cartilage-like tissue
formation, bone-like tissue formation, fibrous-like tissue formation, remnants of the scaffold
for quantification.
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Figure S4. Association between inflammation and tissue repair at the early phase.

(A) Representative images of the 4-week repair constructs stained with immunohistochemistry for MPO and iNOS.
Scale bars indicate 1 mm and 100 pm respectively. Black arrows indicated positive areas. Ranking of MPO (B),
F4/80 and iNOS (C) staining in the 4-week osteochondral defects.

A B

Trochlear groove

Trochlear groove

Femoral condyle

Figure S5.

(A) The macroscopic appearance of osteochondral defects 3 days after implantation. The white squares indicated
6*6 mm osteochondral defects. (B) two layers of the scaffold implanted in the femoral condyle defect and
trochlear groove defect (stained with Alcian Blue, Fast Green, and Picrosirius Red). The scale bar indicated 5
mm and 100 pm.
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Figure S6. Macroscopic assessment of femoral condyle and trochlear groove defect repair.

(A) representative examples of trochlear groove defect sites treated with scaffold-only or scaffold with BMP-2
after 6 months. Best, average, and worst samples determined according to the ICRS scores, are presented. (B)
macroscopic scores (according to ICRS Score and Goebel Score) of repair tissue in the trochlear groove defects.
(C) representative examples of femoral condyle defect sites treated with scaffold-only or scaffold with BMP-2
after 6 months. Best, average, and worst samples determined according to the ICRS scores, are presented. (D)
macroscopic scores of repair tissue in the femoral condyle defects (according to ICRS score and Goebel Score).
The maximum score for ICRS is 12 (indicating the best), and the maximum score for Goebel score is 20 (indicating
the best).
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ABSTRACT

Neutrophils play a pivotal role in orchestrating the immune system response to
biomaterials, the onset and resolution of chronic inflammation, and macrophage
polarization. However, the neutrophil response to biomaterials and the consequent
impact on tissue engineering approaches is still scarcely understood. Here, we
report an in vitro culture model that comprehensively describes the most important
neutrophil functions in the light of tissue repair. We isolated human primary
neutrophils from peripheral blood and exposed them to a panel of hard, soft,
naturally- and synthetically-derived materials. The overall trend showed increased
neutrophil survival on naturally derived constructs, together with higher oxidative
burst, decreased myeloperoxidase and neutrophil elastase and decreased cytokine
secretion compared to neutrophils on synthetic materials. The culture model is a step
to better understand the immune modulation elicited by biomaterials. Further studies
are needed to correlate the neutrophil response to tissue healing and to elucidate
the mechanism triggering the cell response and their consequences in determining
inflammation onset and resolution.

Neutrophils-biomaterials

interaction Survival Neutrophil
Py Extracellular Trap
(NET)
Degranulation, Cytokine release

ROS release




The biomaterial dependent reaction of neutrophils

INTRODUCTION

Biomaterial-based implants are widespread in clinics, and subject to intensive research
efforts in tissue engineering applications. Commercially available biomaterials are
used in different clinical fields ranging from cardiovascular devices to orthopedic
implants. At the time when the first biomaterials were introduced in the 50s and
60s, the emphasis was on replacing human tissues or their function without causing
undesired reactions. Nowadays, biomaterials are used to repair diseased or damaged
tissue by stimulating specific cellular responses at the level of molecular biology .
The goal of biomaterial-guided tissue healing is to design biomaterials that mobilize
the body’s endogenous cells and stimulate regenerative processes to drive functional
healing. The biological activity of biomaterials is widely recognized, and biomaterial
design parameters are functionally used to achieve successful repair. The development
of biomaterials aimed at stimulating regenerative processes necessitates a thorough
understanding of the biological responses to the implanted materials. The success of
biomaterial-guided tissue repair closely relies on the wound healing response, which
is driven by the body’s innate immune system as biomaterials are initially recognized
as a foreign body 2. Today it is widely recognized that biomaterials can trigger a
broad spectrum of responses, and even more importantly, there are design factors
to modulate this response and foster functional tissue healing or regeneration °. This
interaction between biomaterials and the immune system is being established as a
mainstream subject in biomaterials research, and efforts dedicated to elucidating
the biological mechanisms which determine the immune response to biomaterials are
constantly increasing “.

After implantation, biomaterials are coated with proteins that activate the innate
immune system. The proteins that coat the materials mediate the subsequent steps
and the interaction of the material with the host’s immune system, particularly in
attracting neutrophils 2. Neutrophils are the most prevalent immune cell in the human
blood, and the first cell to encounter a biomaterial upon implantation . Neutrophils
predominate the early inflammatory response as their numbers peak within the first
24 to 48 hours after implantation °. Recruitment and differentiation of monocytes
and macrophages occurs at a later stage ’. In the field of biomaterials and tissue
engineering, macrophages have attracted considerable attention, especially regarding
their role in tissue healing ®. However, the number of macrophages correlates with
the levels of neutrophils present, indicating that neutrophils are important in the
recruitment of macrophages and thus the consequent stages of the wound healing
response °. Therefore, it is crucial to understand the role of neutrophils in tissue
healing and their crosstalk with macrophages. In recent years, cancer research has
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shown that neutrophils are important in the progression and regression of tumors .
The occurrence of neutrophils driving disease progression is not limited to cancer.
Neutrophils also play a role in myocardial infarction, systemic lupus erythematosus
(SLE) , rheumatoid arthritis, sepsis, psoriasis, human immunodeficiency virus (HIV)
infection, asthma, antineutrophil cytoplasmic antibody associated vasculitis, malaria
and Chagas’ disease "'. Furthermore, neutrophils have also been shown to be essential

12, 13

in bone fracture healing . Recent reviews have acknowledged the importance

of neutrophils in biomaterial-guided tissue regeneration to achieve successful repair
& 14 15 These studies highlight the importance and potential of neutrophils for

biomaterial-guided tissue regeneration.

Neutrophils unfold a spectrum of functions in response to biomaterial implantation.
The first function is their capacity to survive on the material and eventually die via
apoptosis. The apoptosis of neutrophils plays an important role in the transition from
pro-inflammatory towards anti-inflammatory macrophages and thereby the resolution

', The second function is the release of an oxidative burst upon

of inflammation
activation. This oxidative burst consists of reactive oxygen species that are critical
for killing invaders and degradation of internalized particles, but can also contribute
to inflammatory damage of the tissue surrounding the implanted material "’. The third
function is the release of granules with cytokine release and formation of neutrophil
extracellular traps (NETs). This function is associated with a strong pro-inflammatory
activity that is important in pathogen killing, but when dysregulated it can cause
tissue damage, fibrosis and prevent the neutrophils from exerting their function in
the wound healing response ¢. NETs are web like structures that contain decondensed
chromatin together with granular proteins such as myeloperoxidase (MPO) and
neutrophil elastase. MPO and neutrophil elastase regulate the formation of NETs by
digesting histones and promoting chromatin decondensation '. The fourth function
is the production and secretion of cytokines, chemokines, and angiogenic/fibrogenic
factors such as vascular endothelial growth factor (VEGF) and interleukin 8 (IL8).
These factors play an important role in the foreign body response to the biomaterial;
this response is crucial for the outcome of the tissue repair process °. Therefore, the
interaction between neutrophils and biomaterials is key to orchestrate inflammation
at later phases. Despite the urgent need to obtain a comprehensive understanding
of the neutrophil interaction with the biomaterial, there are few studies that have
examined the effect of biomaterials on neutrophils in vitro. Chang and colleagues
found that neutrophils’ survival drops on rough compared to smooth surfaces 2°. Kaplan
and colleagues reported that neutrophils respond with different levels of superoxide

2

release in response to different biomaterials *'. Szponder and colleagues showed

that neutrophils release different levels of elastase on alginate biomaterials than on
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carbon fibers 2. Velard and colleagues found that the addition of zinc to hyaluronic
acid results in decreased levels of IL8 and matrix metallo-proteinase-9 (MMP9) %. All
the aforementioned studies only focus on one specific neutrophil function. In vitro
models that exhaustively characterize the neutrophil response to biomaterials are
still missing.

We devised an in vitro model based on human primary neutrophils to enable
comprehensive characterization of the acute neutrophil response to a biomaterial. To
provide proof of principle that the model can discriminate the response of neutrophils
to different materials, seven polymeric biomaterials were chosen including synthetic
and naturally derived biomaterials as well as soft and hard materials to represent a
range in physical and chemical properties. The materials investigated were: tyramine
functionalized hyaluronic-acid (THA), THA mixed with collagen (THA-col), type |
collagen (col), gelatin-methacryloyl (GelMA), polyvinyl alcohol (PVA), tissue culture
plastic (TCP) and polycaprolactone (PCL).

We analyzed the activity and survival of neutrophils after seeding them on the
biomaterials. The oxidative burst of neutrophils in response to the biomaterials was
characterized by analyzing superoxide anion, the amounts of MPO and neutrophil
elastase released from the granules, and a large panel of chemokines, cytokines,
angiogenic, and fibrogenic factors via OLINK®.

MATERIALS AND METHODS

Biomaterial synthesis and hydrogel formation

A panel of seven naturally derived and synthetic materials was selected as follows:
tyramine functionalized hyaluronic-acid (THA), THA mixed with collagen (THA-col),
type | collagen (col), gelatin-methacryloyl (GelMA), polyvinyl alcohol (PVA), tissue
culture plastic (TCP) and polycaprolactone (PCL). Prior to use, the polymer powders
were UV sterilized and all solutions were sterile filtered. The materials were coated
(press fit in case of PCL) on the bottom of a cell culture well plate in the desired
size for each experiment. The raw materials were processed in a setup to allow cell
culture in different well plates. A similar volume (150ul/cm?) of precursor hydrogels
was casted on the bottom of a well plate using a positive displacement pipette
(CP1000/CP250; Gilson, Middleton, USA) and polymerized. After casting/fitting all
materials into the wells, the materials were washed with PBS 3x before seeding the
neutrophils.
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THA was synthesized as previously described *. In short, sodium hyaluronate (280-
290 kDa, 5mM carboxylic groups) (Contipro Biotech S.R.O, Dolni Dobrouc, Czech
Republic) was dissolved in deionized H,0 (1% w/v) and functionalized with tyramine
(Sigma-Aldrich, Buchs, Switzerland) via 4-(4,6-dimethoxy-1,3,55-triazin-2-yl)-4-
mehtylmorpholinium chloride (DMTMM; TCI Europe, Zwijndrecht, Belgium) amidation
by mixing at a stoichiometric ratio of 1:1:1. Functionalization was performed under
mild stirring for 24h at 37°C. THA was precipitated by adding 16% v/v of saturated NaCl
and 96% ethanol dropwise, isolated using Gooch filter no. 2, washed, and dried under
vacuum. The amidation reaction was repeated to increase the degree of substitution
(DoS) to 11.3% as determined by absorbance reading at 275nm Multiskan0 GO
Microplate Spectrophotometer (ThermoFisher, Waltham, USA). For each experiment
the THA conjugate was reconstituted in phosphate buffered saline (PBS) at 2.5% (w/v)
containing 0.6 U/ml HRP (Sigma-Aldrich) and rotated overnight at 4°C. To initiate
hydrogel formation, 1.3mM hydrogen peroxide (H,0,, Sigma-Aldrich) was added and
immediately mixed to provide a homogeneous distribution. The material was casted
into the well and incubated at 37°C, 5% CO, for 10 minutes to allow enzymatic gelation.

Collagen type | derived from rat tail was bought from Corning (Collagen | rat tail in
0.2 N acetic acid, 10.98 mg/ml). Collagen type | hydrogels were prepared on ice by
neutralizing the collagen | solution with a mixture of 10x PBS, dH,0 and 1N sodium
hydroxide (NaOH) to a final concentration of 5mg/ml. The hydrogel precursors were
incubated at 37°C, 5% CO, for 30 minutes until a firm gel was formed.

THA-col composites were prepared by mixing the previously described mixtures of
THA and collagen in a 1:1 ratio for a final concentration of 2.5mg/ml collagen and
2.5% (w/v) THA. Enzymatic gelation and neutralization of collagen was initiated
simultaneously.

GelMA (type A, 180 g Bloom, Fluka) was synthesized by dissolving gelatin (10% w/v) in
phosphate buffered saline (PBS, pH = 7.4) at 60°C . After dissolving, 0.28% methacrylic
anhydride was added to the dissolved gelatin and mixed with the solution. To stop
the reaction the mixture was diluted with PBS and transferred in a dialysis membrane
(12-14 kDa) to remove unreacted methacrylic anhydride and other side products.
After dialysis was complete, ultrapure H,0 was added to the dialyzed solution
and subsequently freeze-dried for storage. The DoS of the final GelMA was 50% as
determined via NMR analysis. The GelMA macromer 15% (w/v) was fabricated into
hydrogels by UV crosslinking after mixing with 0.5% 2-hydroxy-4’-(2-hydroxyethoxy)-
2-methylpropiophenone (Irgacure 2959) (Sigma-Aldrich) in PBS.
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PVA pellets with a molecular weight (MW) of 70,000 Da were dissolved at 90°C in
H,0 (5% w/v) under stirring until a clear solution was obtained. The PVA precursor
hydrogel solution was casted in a circular well and frozen at -20°C. To fabricate PVA
hydrogels, the solution underwent 7 freeze thawing cycles ensuring complete freezing
at -20°C followed by thawing at room temperature.

PCL discs were printed in the respective diameter of the used well plate after melting
PCL pellets with a MW of 45,000 Da (Sigma-Aldrich) and press fitted onto the bottom
of a well plate ensuring a flat surface. An extrusion-based 3D printer RegenHu 3D
Discovery (RegenHU, Villaz-Saint-Pierre, Switzerland) was used with the following
parameters: inner diameter nozzle 300 pm, 1 bar, 16 revs/m, writing speed 6 mm/s,
temperature tank 75°C, temperature printer head 70°C.

Tissue culture treated polystyrene plates (TCP) were bought from Corning.

Endotoxin analysis

The endotoxin content of each biomaterial was measured using the Pierce™
Chromogenic Endotoxin Quant Kit (Thermo-Fisher) according to the manufacturer’s
instructions. All polymers were diluted with endotoxin free H,0 (Sigma-Aldrich) at
the polymer concentration matching those used in the neutrophil experiments. Due
to high viscosity, THA and GelMa hydrogels were cast (250 pl) into a 24 well plate. All
materials were incubated with endotoxin free H,0 (1ml) for 1h. An endotoxin standard
stock solution was prepared by adding endotoxin free H,0 (Sigma-Aldrich) to the E.
coli endotoxin standard vial to create a high standard (0.1-1.0 EU/ml) and a low
standard (0.01-0.1 EU/mLl). Samples harvested from THA and GelMA were diluted prior
to the assay in endotoxin free water and transferred together with the standard curve
into the pre-warmed plate at 37°C. The supernatant from all other materials was
directly transferred to the pre-warmed plate together with the standard curve. The
amoebocyte lysate reagent was added to each well and the plates were incubated for
8 min at 37°C. The reaction of the chromogenic substrate solution was stopped after
6 min at 37°C by adding 25% (v/v) acetic acid to each well and the optical density
was measured at 405 nm using the Infinite® 200 Pro plate reader (Tecan, Mannedorf,
Switzerland). The obtained values were used to calculate the concentration based
on the provided standard curve for the aforementioned concentration ranges. The
correlation coefficients for the standard curves were between 0.9922 and 0.9953.

Rheological characterization biomaterials

To assess the viscoelastic properties of all hydrogels, rheological measurements at
20°C using the Anton-Paar MCR-302 rheometer equipped with 1° cone-plate geometry
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and a gap distance of 0.049 mm were performed (n=4 replicates per material). Silicone
oil (Sigma-Aldrich) was applied to the external border to prevent drying during the
measurement. The amplitude sweep test (frequency = 1 Hz, amplitude = 0.01-100%
strain) was performed to characterize the elastic storage modulus (G’) and viscous
loss modulus (G”) of all hydrogel materials. The moduli were measured at a strain of
1%, which was within the linear viscoelastic region of each hydrogel.

Isolation and culture of human primary neutrophils

Peripheral blood was collected from 5 human healthy volunteers, 3 males and 2
females, average age 26 years, age range 24 to 29 years donating 24 mL of venous
whole blood after written informed consent was obtained. Ethical approval was
granted by the cantonal ethical committee (BASEC-Nr. 2019-02353). The blood was
collected by a venipuncture into potassium EDTA-coated containers (S-Monovette®,
Sarstedt, Numbrecht, Germany). Neutrophils were isolated from whole blood by
immunomagnetic negative selection using the EasySepO Direct Human Neutrophil
Isolation Kit (STEMCELL Technologies #19666, Vancouver, Canada) following the
manufacturer’s instructions. After the last separation step, the enriched suspension
containing neutrophils was pipetted into a new tube, centrifuged at 300 g for 5 minutes
and resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium (26) with
HEPES (Gibco, ThermoFisher, Waltham, USA) supplemented with 100 U/ml penicillin
(Gibco) and 100 pg/ml streptomycin (Gibco) to a concentration of 1 x 10° cells/ml.
Neutrophils were counted using a hemocytometer and viability was confirmed to be >
99% with trypan blue.

For evaluating purity after negative selection, neutrophils were resuspended
(1x10cells) in 2 mL of 0.5 % (w/v) bovine serum albumin (BSA) containing phosphate
buffered saline (1X PBS) subsequent to isolation. Following the centrifugation step at
300 g for 5 minutes, cells were incubated with 5 pL of Fc Receptor Blocking Solution
(BioLegend, USA) in 100 pL 0.5 % (w/v) BSA-PBS for 15 minutes. The cells were stained
with anti-human CD 16-APC (10 pL/ 1x10°cells) (R&D Systems, Biotechne, USA), FITC
mouse anti- human CD66b (20 pL/ 1x10° cells) (BD Biosciences, USA) and PE mouse
anti-human CD14 (20 pL/ 1x10°cells) (BD Biosciences, USA) antibodies for 40 minutes.
After washing cells with 0.5 % (w/v) BSA-PBS and centrifugation (300 g for 5 minutes),
cells were analyzed to measure the intensity of CD markers via BD FACSAria™ llI

cytometer (BD Life Sciences, USA).

After isolation, neutrophils were seeded in complete RPMI-1640 medium on top of the
materials occupying the well in a density of 1 x 10° cells/ml equal to 263,000 cells/
cm?. All plates were cultured in a humidified atmosphere with 5% CO, at 37°C. At each
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culture timepoint the medium was harvested from the well, centrifuged for 8 minutes
at 300 g and stored at -80°C until further use. Unconditioned control medium was
generated by the incubation of complete RPMI-1640 medium and processed in the
same way as earlier described. A complete overview of all the assays and harvesting
timepoints is shown in Figure 1. The experiment was carried out in 5 independent
experiments (n=5 donors) with two replicates each.

A 4
At each '
Negative Seed human timepoint
selection of primary remove
neutrophils neutrophils on medium, spin
using each material down and
EasySep (=T0) save
magnet superatant
B Collection of medium timepoints
To 1hour 3hours Shours Thours 24hours
Harvest samples
Isolate Harvest samples for: | for: Harvest samples for: | Harvestsamples for: | Harvest samples for:
neutrophils from § _ \,heroxide anion - metabolic activity - metabolic activity - metabolic activity - metabolic activity
peripheral (30min) - LDH -LDH -LDH - LDH
venous blood - metabolic activity - neutrophil elastase | . jive/cead imaging - cytokine production | - live/dead imaging
and seed on -LDH and MPO

materials - superoxide anion

Figure 1. Summary of the assays performed
A) Schematic experimental outline from drawing peripheral blood to collection of media from each material. B)
Timeline of the assays that were carried out at each time points (n= 5 donors, n=2 replicates).

Metabolic activity of neutrophils

The metabolic activity, an indicator of cell viability, was measured using the resazurin-
based CellTiter-Blue® Cell Viability Assay (Promega, Dibendorf, Switzerland). The
CellTiter-Blue® Reagent was added at a concentration of 16.7% in RPMI 1640 medium
to each sample 30 minutes prior to each time point (1, 3, 5, 7 and 24 hours). The
Fluorescence intensity was measured immediately after transferring the media to
a 96 well plate using the Infinite® 200 Pro plate reader (Tecan) at an excitation
wavelength (A.) of 560 nm and emission wavelength (A.,) of 590-610 nm. The final
fluorescence value for each sample was calculated after subtracting the average
fluorescence values of the culture medium background.

LDH release

Lactate dehydrogenase (LDH) is rapidly released into the cell culture supernatant in
dying cells when the plasma membrane is damaged. The LDH release was measured
using the Cytotoxicity Detection Kit™"* LDH (Roche, Sigma-Aldrich) according to the
manufacturer’s instructions. The low control value was determined by medium from
uncultured cells at the timepoint t = Oh and the high control value was determined by
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medium from cultured cells at each timepoint by adding 9% Triton X-100 15 minutes
prior to harvest. Unconditioned control medium served as a background control. The
absorbance value of the samples was measured at 490 nm using the Infinite® 200 Pro

plate reader (Tecan). The percentage of cytotoxicity was calculated according to the
experimental value - low control x 100

following formula: cytotoxicity (%) = -
high control - low control

Confocal microscopy based live/dead assay

Neutrophils were stained after 5 and 24 hours with 2 uM Calcein AM (Sigma-Aldrich)
and 10 pM ethidium homodimer-1 (Sigma-Aldrich) in culture medium for 30 minutes
at 37°C and imaged using the LSM 800 confocal microscope (Zeiss, Oberkochen,
Germany). Images were taken at 5 fields per sample to represent the top, lower,
central, right and left zone of the material. For each image the alive and dead cells
were counted using Image-J software. The percentage of living cells was calculated
by the number of alive cells divided by the total number of cells per sample.

Neutrophils oxidative burst

Superoxide anion production was determined from the rate of cytochrome C
reduction, measured using the Cytochrome C Assay Kit (Abcam, Cambridge, United
Kingdom) according to the manufacturer’s instructions. Neutrophils were seeded on
the materials and cytochrome C was added. After 30 minutes and 3 hours the medium
was centrifuged, and the supernatant was transferred to a 96-well plate and the
absorbance value was measured at 550 nm using the Infinite® 200 Pro plate reader
(Tecan). Unconditioned, cell free control medium supplemented with cytochrome C
served as a background control. After subtracting the background values, superoxide
anion production was calculated with the use of the extinction coefficient of 21 mM"
cm™ for cytochrome c.

MPO and neutrophil elastase

Medium that was conditioned for 3 hours by the neutrophils seeded on different
materials was used to determine MPO and neutrophil elastase. The MPO content
was measured using the Meso Scale Discovery (MSD) human myeloperoxidase kit and
the MESO QuickPLex SQ 120 (MSD, Kenilworth, USA) according to the manufacturer’s
instructions. The samples were diluted to allow detection of MPO within the linear
range of the standard curve (33-50,000 pg/ml). The MSD Discovery Workbench
Software was used to convert relative luminescent units into protein concentrations
using interpolation from the standard curve. Neutrophil elastase was measured using
the human neutrophil elastase/ELA2 DuoSet ELISA kit (R&D Systems, Minneapolis,
USA) according to the manufacturer’s instructions of the kit. The absorbance value of
each sample was measured at 450 nm using the Infinite® 200 Pro plate reader (Tecan)
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and subtracted by the absorbance value at 570 nm. The samples were diluted to
allow detection of neutrophil elastase within the linear range of the standard curve
(47 - 3000 pg/ml).

Quantification of neutrophil cytokine secretion

A panel of proteins associated with inflammation was measured in the media
supernatant using the OLINK® inflammation multiplex immunoassay (OLINK®
Proteomics, Uppsala, Sweden). This panel covers 92 established and validated
inflammation related markers including pro- and anti-inflammatory cytokines,
chemokines, growth factors, receptors and factors involved in acute inflammatory
and immune responses. The OLINK® immunoassay panel is based on the proximity
extension assay technology that include oligonucleotide-labeled antibody probe pairs
that can bind to their respective protein targets in the sample and can be detected
and quantified using standard real-time PCR. Data of the 7h timepoint is presented as
normalized protein expression values (NPX) which are comparable in their distribution
to log2-transformed protein concentrations. The full description of the inflammatory
markers is given in Supplementary Material Table S1. The data analysis was done
using the OLINK®’s Normalized Protein eXpression Manager software. In this OLINK®
inflammation panel matrix metallopeptidase 9 (MMP-9), an important regulatory
factor in neutrophil migration, angiogenesis and wound repair (27), was not present.
For this reason, MMP-9 was quantified in samples of the 7h timepoint by the human
MMP-9 DuoSet ELISA kit (R&D Systems) according to the manufacturer’s instructions.
The absorbance value of each sample was measured at 450 nm using the Infinite®
200 Pro plate reader (Tecan) and subtracted by the absorbance value at 570 nm. The
samples were diluted to allow detection of neutrophil elastase within the linear range
of the standard curve (31 - 2000 pg/ml).

Statistical analysis

All samples were measured in technical duplicates per each donor (n=10 samples of 5
independent donors in total), group and timepoint. Statistical analysis was performed
with Graph Pad Prism (Prism 9, Graphpad Software, San Diego, USA). A one-way analysis
of variation (ANOVA) with a post hoc Tukey honestly significant difference analysis
was performed to analyze differences between materials and to correct for multiple
testing. In case of large donor variability and gaussian distribution of the data, a linear
mixed model (LMM) was used. For the LMM, the different materials were considered
a fixed parameter and the donors (experiments) as a random factor. For the OLINK®
data, the OLINK® Insights Stat Analysis app was used to analyze differences between
groups within a protein. All statistical analysis included two tailed tests. A P value of <
0.05 was considered as statistically significant. In the manuscript statistical differences
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are indicated as follows: a=statistically significant to THA, b=statistically significant
to THA-collagen, c= statistically significant to collagen, d= statistically significant to
GelMA, e=statistically significant to PVA, f= statistically significant to TCP, g= statistically
significant to PCL. All graphs with the exact P values are shown in the supplementary
materials to allow for better visualization of the graphs in the main paper.

RESULTS

Materials Characterization

Bacterial endotoxins or lipopolysaccharides (LPS) are cell wall constituents of gram
negative bacteria which can induce a strong immune response . Therefore, materials
were characterized for their endotoxin levels. For collagen type |, PVA, PCL and TCP
endotoxins were on the lower detection limit (Figure 2B). The endotoxin levels of
THA and GelMA were significantly higher than the other materials (P < 0.001), but
still relatively low (Figure 2B). The other reagents used for the crosslinking displayed
values below the lower limit of detection (data not shown). Concentrations of
polymers and crosslinkers were selected to achieve a similar shear storage modulus
for all hydrogels except collagen, as measured by rheological amplitude sweep. THA,
THA-col, GelMA and PVA showed similar shear storage moduli around 5 kPa (Figure
2C). The storage modulus of collagen hydrogel was significantly lower than the moduli
of all other hydrogels (P < 0.001,Figure 2C).

Purity, metabolic activity and survival of neutrophils cultured on
different biomaterials

Neutrophil purity after negative selection was evaluated via cytometry by assessing
the presence of cell surface markers CD66b and CD16 and the absence of CD14 (29).
The isolated neutrophils were characterized by 99.7% CDé66b, 99% CD16 and 0.2%
CD14, confirming a high purity, as expected from immunomagnetic selection (Figure
3A). Neutrophil survival and metabolic activity on different materials was evaluated
with cell-titer blue assay, LDH and calcein AM/ethidium homodimer staining. Overall,
neutrophils showed the highest level of metabolic activity after one hour with a gradual
decrease over time. After 24 hours, most neutrophils were no longer metabolically
active independent of the material. Clear differences between materials were
observed. Neutrophils cultured on TCP and PCL were significantly more metabolically
active after 1 and 3 hours than neutrophils cultured on other materials. The difference
in activity diminished after 5 hours of culture (Figure 3B, Suppl. Figure 1A). This
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Figure 2. Composition and characterization of the biomaterials

A) Summary of the characteristics of the materials used in this study, including the source, molecular weight,
polymer concentration, degree of substitution, and materials used for crosslinking. B) Endotoxin content of
different materials (n=2-6) with endotoxins present between 2-3 EU/mL in THA and GelMA. C) Storage moduli
of different hydrogels (n=4) ranging between 4-5k Pa for THA, THA-collagen, GelMA and PVA and 35 Pa for
collagen. Box plots represent the 25" and 75" percentile with the median, the whiskers indicate the maximum
and minimum. Abbreviations: Mw, molecular weight; kDa, kilo Dalton; w/v, weight per volume; d.o.s., degree
of substitution.

indicates that neutrophils cultured on hard hydrophobic surfaces have a different
activity than neutrophils cultured on softer hydrated substrates.

A similar trend was seen for release of LDH in the medium. After one hour, LDH was
only released by neutrophils cultured on PCL, which was approximately 20% of the
maximum amount (Triton x1-100 treated high control) and significantly higher than
from neutrophils cultured on other materials. The LDH release increased over time.
After 24 hours neutrophils cultured on synthetic materials PVA, TCP and PCL released
significantly more LDH than neutrophils that were cultured on naturally derived
materials like THA, THA-collagen, collagen and GelMA, that released almost no LDH
up to 24 hours (Figure 3C, Suppl. Figure 1B).

To visualize the survival of the neutrophils cultured on different materials we
performed a live and dead assay, with representative images after 5 and 24 hours
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Figure 3. Neutrophil purity assessment, activity and cell survival on different material

A) Flow cytometry histograms showing CD66b and CD16, and CD14 expression on neutrophils. B) Representative
images of live/dead staining after 5 and 24 hours showing living cells in green with dead cells in red. C) Metabolic
activity of neutrophils measured via cell titer blue assay and expressed as fluorescence units over time for

each material.

D) LDH release by neutrophils cultured on different materials expressed as a percentage of

the maximum amount of LDH release after cell lysis. E) The percentage of living cells after 5 hours. F) The
percentage of alive cells after 24 hours. Each bar represents the mean of 5 donors + SD. Abbreviations: LDH,
lactate dehydrogenase. a=statistically significant to THA, b=statistically significant to THA-coll, c= statistically
significant to coll, d= statistically significant to GelMA, e=statistically significant to PVA, f= statistically significant

to TCP, g= statistically significant to PCL.
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shown in Figure 3D. This assay also showed clear differences between materials.
After 5 hours, 44% of the neutrophils cultured on PCL and 88% of the neutrophils
on TCP were viable. This was significantly lower than neutrophils cultured on the
other hydrogel materials with a viability of more than 96% after 5 hours (Figure 3E,
Suppl. Figure 1C). After 24 hours, more than 98% of the neutrophils cultured on THA,
collagen, and THA-collagen were still viable. Neutrophils were significantly less viable
on GelMA, PVA, TCP and PCL ranging from 30 to 75% (Figure 3F, Suppl. Figure 1D).

Release of oxidative burst by means of reactive oxygen species
production

To better understand the effect of biomaterials on the ROS production by neutrophils,
we measured the amount of superoxide anion released in the culture media.
Significantly more superoxide anion was produced by neutrophils cultured on THA,
THA-collagen, collagen, GelMA than by neutrophils cultured on PVA, TCP, PCL after
30 minutes (Figure 4A, Suppl. Figure 2A). After 3 hours, the superoxide anion
production increased in all groups. The level of superoxide anion was significantly
higher for all naturally derived materials (THA, THA-collagen, collagen, GelMA) than
for all synthetic (PVA, TCP, PCL) materials (Figure 4B, Suppl. Figure 2B) at both time
points.
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Figure 5. Release of MPO and neutrophil elastase on different materials

The release of A) MPO in pg/ml and B) neutrophil elastase in pg/ml by neutrophils cultured on different materials.
Each bar represents the mean level + SD. Abbreviations: MPO, myeloperoxidase. a=statistically significant to
THA, b=statistically significant to THA-coll, c= statistically significant to coll, d= statistically significant to
GelMA, e=statistically significant to PVA, f= statistically significant to TCP, g= statistically significant to PCL.

Neutrophil elastase and MPO release induced by biomaterials

Neutrophils cultured on PVA and PCL released significantly more MPO and elastase
than neutrophils cultured on THA, THA-collagen, collagen and GelMA (Figure 5).
Neutrophils cultured on TCP displayed the same trend, albeit non-significant, possibly
due to the high variability between donors (Figure 5, Suppl. Figure 3).

Cytokine secretion by neutrophils cultured on different
biomaterials

To further understand the response of neutrophils to different biomaterials, proteins
which are differentially regulated can be identified. We used the OLINK® technique
to analyze a panel of 92 cytokines, chemokines, growth factors and receptors all
being related to inflammation (Figure 6). In total, 19 proteins were detected in more
than 75% of the samples (Suppl. Table 2). Further analysis showed that most proteins
are related to biological processes such as cellular response to cytokine stimulus,
chemotaxis, inflammatory response, cell adhesion and secretion (Figure 6).

In a second step we specifically investigated the top-6 most abundant proteins released
by the neutrophils: vascular endothelial growth factor A (VEGF-A), hepatocyte growth
factor (HGF) urokinase-type plasminogen activator (uPA), extracellular newly identified
receptor for advanced glycation end-products binding protein (EN-RAGE), oncostatin
M (OSM), and interleukin 8 (IL-8) (Figure 6C-H, Suppl. Figure 4). Neutrophils cultured
on PCL and PVA secreted significantly more of the selected proteins than neutrophils
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Figure 6. Analysis of cytokine secretion by neutrophils using the OLINK® technology

A) Heatmap of 92 inflammation related proteins that were quantified in NPX on a Log2 scale. Each column within
a material represents one donor (5 Donors). The darker the color the higher the protein level. B) Biological
analysis to which biological process the detected proteins contribute. C-H) Box plots showing the level of C)
VEGF-A, D) HGF, E) uPA, F) EN-RAGE, G) OSM, and H) IL-8. Box plots represent the 25" and 75™ percentile with
the median, the whiskers indicate the maximum and minimum. a=statistically significant to THA, b=statistically
significant to THA-coll, c= statistically significant to coll, d= statistically significant to GelMA, e=statistically
significant to PVA, f= statistically significant to TCP, g= statistically significant to PCL.

that were cultured on the naturally derived materials THA, THA-col, collagen and
GelMA. Interestingly, neutrophils cultured on THA tend to secrete less than the
neutrophils cultured on other natural materials, reaching statistical significance for
OSM. Secretion of IL-8 was not different between neutrophils cultured on the different
materials. Since the OLINK® panel did not include the important neutrophil regulator
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MMP9, we separately analyzed this enzyme by ELISA. The secretion of MMP9 increased
5-17-fold depending on the material where the neutrophils were cultured, with an
overall higher secretion in PVA, TCP and PCL (Suppl. Figure 5).

DISCUSSION

Although neutrophils are the most prevalent immune cells in the human body and
the first responders to invaders, their role in triggering and resolving inflammation
after biomaterial implantation is still scarcely understood. A first step in unraveling
these mechanisms, consists of introducing methods to characterize the interaction
of neutrophils with biomaterials. Therefore, we devised an in vitro model describing
multiple functions of human primary neutrophils and investigated their variation after
exposure to biomaterials.

To our knowledge, this is the first in vitro study comprehensively evaluating early
neutrophil functions in response to a biomaterial. We selected a broad panel of assays
to represent different neutrophil functions relevant for tissue repair: (1) survival
(live-dead staining, metabolic activity, LDH release), (2) release of oxidative burst
(ROS production), (3) MPO and elastase release and (4) the release of granules and
inflammation related proteins (OLINK®). Each of these assays could distinguish specific
differences in the response of neutrophils between biomaterials.

The proposed approach analyzing multiple neutrophil functions is of benefit towards
understanding the possible consequences of biomaterial properties for tissue repair.
Based on our results, metabolic activity of neutrophils was highest in PCL and TCP
after 1 and 3 hours, in conjunction with elevated levels of LDH release in PCL,
TCP and PVA and lower cell viability after 24 hours. Serum was not added to cell
culture media to prevent possible effects of serum proteins on neutrophil activation,
that could mask the specific biomaterials effect. The role of serum in influencing
the interaction between neutrophils and biomaterials is a crucial point requiring
further investigation. Previous studies investigated the effects of physicochemical
properties like size, shape, surface topography, wettability and surface charge on
neutrophils, suggesting that these features might play a role in neutrophil survival and
activation ™. The low viability of neutrophils on PCL might be due to low adhesion on
the hydrophobic surface because of the serum-free conditions, implying lower levels
of protein coating on all substrates. Interestingly, in presence of serum hydrophobic
surfaces are prone to marked protein absorption, fostering survival or activation of
neutrophils " *°. Although TCP is also intrinsically hydrophobic, plates for tissue culture
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are surface treated to increase hydrophilicity and thereby cell adhesion. Unlike for
other cell types, identifying a standard substrate for neutrophil cell culture to study
their interaction with materials is not straightforward, because every material will
inevitably influence neutrophils activation. Consequently, our experiments and data
analysis compared the response on different materials rather than against a chosen
standard. After 24 hours the survival of neutrophils on a hydrophilic PVA (hydrogel)
surface was lower than on hydrogels consisting of naturally derived macromolecules
with matched mechanical properties. Therefore, chemical composition of materials
also plays a role in neutrophil survival. This difference in response is further supported
by the elevated levels of LDH that were found in the supernatant of neutrophils
cultured on the aforementioned synthetic materials. After 24 hours, LDH levels were
significantly increased indicating higher levels of cell membrane damage or cell death
for neutrophils cultured on synthetic materials in comparison to naturally derived
materials. The high levels of LDH in PCL, PVA and TCP indicate that the prevalent
form of cell death is necrosis rather than apoptosis or other types of programmed cell
death. In apoptosis the cell-membrane is still intact in contrast with necrosis where a
damaged cell-membrane results in the release of LDH *'. Whether a cell will undergo
necrosis, or the more regulated apoptosis depends on what stimulus the neutrophil
receives *» 33, Neutrophil death by necrosis is usually a trigger for inflammation and a
major cause of tissue damage ** 3. This may fuel an unwanted inflammatory response
after the implantation of a biomaterial. After 24 hours on the natural materials,
almost all neutrophils were alive and released little LDH indicating that they might be
in an activated but still living state.

The present study was limited to investigating the early response to biomaterials
because, in vivo, at later time points, neutrophils recruit and activate additional
leukocytes, such as macrophages by releasing pro-inflammatory mediators and

thereby promote tissue repair *

. Therefore, neutrophils that are cultured on
substrates from naturally derived materials might still be secreting factors to attract
cells needed for the repair to the material and thereby eventually promote tissue
repair. The aforementioned examples highlight the importance to compare different
assays related to viability, only the entire panel of assays will allow to understand the

neutrophil response over time.

Once activated, neutrophils do not necessarily directly undergo cell death. Instead,
they may respond with other effector functions such as cytokine release, degranulation
and pathogen destruction by the release of ROS **. ROS production, i.e. oxidative
burst, is an important and powerful mechanism in the defense against bacterial and
fungal infections *. Besides their role in antimicrobial clearing, ROS are also important
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in the regulation of inflammation ¥. The oxidative burst released by neutrophils can
also help in the degradation of particles previously internalized. In our model, we
observed clear differences between materials in the production of superoxide anion,
a prominent specie within the ROS family. Neutrophils seeded on the naturally derived
materials showed higher ROS secretion compared to synthetic ones, especially after
3 hours. If the oxidative burst is sustained for an extended period of time, it can
also contribute to inflammatory damage of the tissue surrounding the implanted
material . It has also been shown that ROS production leads to neutrophil apoptosis,
indicating that neutrophils releasing high amounts of ROS might undergo this form
of programmed cell-death *. Neutrophil death by apoptosis in turn is critical for the
resolution of inflammation by the polarization of pro-inflammatory macrophages into
anti-inflammatory macrophages ' *. This process is essential for the final outcome of
tissue healing and biomaterial integration. Future studies should determine whether
the high levels of ROS produced by neutrophils on natural materials indeed lead to
this change in polarization state. One limitation of our study is that superoxide anion
is only one of several ROS, and future studies should investigate a broader spectrum
of ROS production. Given the inherent ROS instability and the lack of off-the-shelf
assays, this might prove non-trivial.

Besides cell survival and producing an oxidative burst, neutrophils can release NETs
in response to a variety of stimuli that can activate them. NETs are composed of a
network of chromatin fibers that are covered with proteins such as neutrophil elastase
and myeloperoxidase (MPO) “. NET formation is one of the most interesting and
unique aspects of neutrophil behavior. In our setup, neutrophils that were cultured
on the synthetic materials PCL and PVA secreted 8-10 times higher levels of both MPO
and neutrophil elastase. This might be indicative of increased neutrophils activation
and NET formation on synthetic in comparison to natural materials, although other
techniques such as direct imaging of the genetic material should be carried out to
confirm NETosis. This finding is in line with a recent study that reported that coating PCL
fibers with a HA based hydrogel alleviated the neutrophil elastase response compared
to PCL fibers without coating *'. At the same time, this highlights the potential to
modulate the neutrophil response by selection of the biomaterials, therefore, it
is important to understand the consequences of the response to different immune
cells to biomaterials before we can actively modulate the neutrophil response.
Besides being important as an antimicrobial defense, neutrophil elastase also acts
as a protease and can cleave components of the extracellular matrix such as elastin
“2_ High levels of neutrophil elastase can lead to degradation of the extracellular
matrix of tissues surrounding the biomaterial and thereby compromise the integration
and final outcome when a biomaterial is used. Next to neutrophil elastase MPO is
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also an important molecule involved in the formation of NETS. MPO is known as an
important neutrophil attractant *. This means that MPO secretion attracts more
neutrophils to the implant site eventually leading to chronic inflammation that might
impair tissue repair or stimulate the foreign body reaction. Furthermore, MPO has
been demonstrated to be involved in tissue damage, and as such it plays a role in
many inflammatory diseases *. For this reason, MPO is even considered as a new
biomarker of inflammation in chronic inflammatory diseases like rheumatoid arthritis
and ulcerative colitis **. Regarding the synthetic materials that demonstrated a higher
release of MPO in our study, this could mean more inflammation and eventually even
a risk of tissue damage at the implantation site. Given the clear difference between
the two classes of materials in the neutrophil elastase and MPO response, these assays
can be used to distinguish between the response a biomaterial elicits and eventually
be helpful in choosing the biomaterial with the preferred immune response.

Neutrophils are increasingly acknowledged for their role in the regulation and
development of inflammatory and immune responses. Besides the release of an
oxidative burst, release of enzymes and the formation of NETs, neutrophils also
secrete a large variety of cytokines and play a significant role in the development of
inflammatory diseases and the foreign body reaction . It was, however, unclear if
all these cytokines would also be involved in the response of neutrophils exposed to
different biomaterials. For this reason, we screened a panel of 92 cytokines related to
inflammation. In total, we found 19 cytokines to be secreted by neutrophils that were
cultured on different materials. Amongst them common neutrophil cytokines such as
VEGF-A, MMP9 and IL-8, but also less commonly studied proteins such as HGF, EN-
RAGE, and uPA. Interestingly, further cytokine analysis showed a distinctive response
between neutrophils cultured on synthetic materials and on natural materials. Four out
of the six cytokines that were overall highest expressed in our set-up follow the trend
in neutrophil response discussed before. Neutrophils on synthetic materials secrete
higher amounts of VEGF-A, HGF, EN-RAGE, OSM compared to natural materials. The
higher release of cytokines is accompanied by reduced cell survival and the release
of MPO and elastase on these synthetic materials compared to natural materials.
The difference in cytokine release on synthetic compared to natural materials might
be even more pronounced considering the increase in dead cells in the synthetic
materials. The lower cell viability in the synthetic materials (PCL and TCP) supports
this assumption.

The high level of VEGF-A released by neutrophils indicate that neutrophils contribute
to angiogenesis often related to inflammation and tissue injury. In a mouse model it
was shown that VEGF-A expressing neutrophils are actors in inflammatory angiogenesis.
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In an in vitro experiment the authors demonstrated that the release of VEGF from
murine neutrophils was only present upon activation with phorbol-12-myristate
13-acetate *. VEGF-A released by activated neutrophils might recruit monocytes,
stimulate macrophage polarization and thus contributing to the inflammatory
response. Depending on the cytokines released by the neutrophils during the initial
response, the foreign body reaction might be modulated. The mechanistic reasons for
this behavior and the implications of these findings in tissue repair are still unclear, and
should be subject of further investigations. Based on our results, cytokines commonly
associated with neutrophils such as IL-6, IL-10, IL-17A, MCP-1, TNF " “ were low or
absent in the conditioned media, including the groups with the highest endotoxin
level. This might suggest that under our experimental conditions the materials did
not significantly activate neutrophils resulting in release of pro- or anti-inflammatory
cytokines. More knowledge is needed on the role of the specific cytokines in tissue
healing, as well as a potential synergistic or antagonistic effect they could have. A
thorough understanding of these mechanisms could lead to a classification system
for neutrophil function analog to what is commonly recognized for macrophages,
whose phenotype can be classified as classically activated M1 (pro-inflammatory)
or alternatively activated M2 (anti-inflammatory/repair) “. Attempts to introduce
neutrophils classification in “N1 and N2 phenotype” have already been described,
underlining a spectrum of specific neutrophil functions. Most of this research has
been undertaken in the field of oncology identifying N1 as anti-tumoral and N2 as pro-
tumoral neutrophils. However, this classification is still debated, together with the set
of parameters that could be used to indicate neutrophil ' *. A classification system
to discriminate between a more pro- or anti-inflammatory response of neutrophils
would help in the development and selection of biomaterials for specific applications.
The prolonged release of pro-inflammatory cytokines and chemokines might stimulate
chronic inflammation, and trigger macrophage recruitment and fusion on materials,
which in turn may lead to an increased foreign body reaction. The extent to which
in vitro response of neutrophils can predict the foreign body reaction can only be
speculated and needs more studies in vitro and in vivo in future. One additional
aspect to consider is the preservation of neutrophils phagocytic activity, and the role
which could be played.

One possible bias in evaluating neutrophil behavior in vitro is the endotoxin content
of the substrates analyzed. Our endotoxin assay revealed higher endotoxins for
GelMa and THA. This is to be expected since their natural origin. Collagen is also
of natural origin, however the strong acidic environment and thorough dialysis used
for its extraction might have deactivated or removed the endotoxins. Despite the
comparative higher level, the endotoxins in GelMa and THA are still at a low level
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according to FDA guidelines *°. GelMA, which was the material displaying the highest
endotoxins amount, could be safely administered up to 0.36 ml/kg with parenteral
administration, corresponding to 25 ml for an individual weighing 70 kg in a single
administration. Taking as a reference other recent FDA regulations for endotoxin
levels in medical devices, the endotoxin level of the products should be below 0.5
EU/mL when the device is rinsed with 40 mL of non-pyrogenic water. Based on this,
the endotoxin concentration of GelMA is approximately 0.067 EU/mL, which is less
than the acceptable level *'. Also, the maximum level in our experiments of 2.7 EU/
ml (equal to 0.27 ng/ml) was lower than the 100 ng/ml described in literature for
potential activation of neutrophils *. Additionally, GelMa and THA did not trigger a
higher inflammatory response compared to the other materials, indicating that the
results in our study should not have been biased by the endotoxin level.

In summary, there is a gap of knowledge concerning neutrophils interaction with
biomaterials, what this means for foreign body response and tissue regeneration,
and how to design biomaterials to modulate this process. This study is a step towards
further investigations in this direction, and introduces a series of experimental
methods to assess initial response of neutrophils to different biomaterials. This method
was applied to a selection of naturally derived and synthetic polymeric biomaterials,
identifying clear differences between the substances tested. The overall trend
showed increased neutrophil survival on naturally derived constructs, together with
higher oxidative burst, decreased MPO and elastase release, and cytokine secretion
compared to neutrophils on synthetic materials. Neutrophils have the potential to be
exploited in foreign body reaction biomaterial guided tissue repair strategies with the
ability to modulate inflammation based on their response to biomaterials. Neutrophils
are an under-investigated target in this context, and further studies are necessary
to unravel mechanistic aspects of their response to materials and the biological
implications for tissue healing. Future studies should address the complex interaction
of neutrophils with other immune cells in innate and adaptive immunity. Unraveling
these mechanisms, has the potential to open new avenues in biomaterial design.
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Supplementary Table S1. All proteins analyzed by OLINK technology
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Supplementary Table S1. All proteins analyzed by OLINK technology (continued)

Cystatin D (CST5)

Delta and Notch-like
epidermal growth factor-
related receptor (DNER)

Eotaxin-1 (CCL11)

Eukaryotic translation
initiation factor 4E-binding
protein 1 (4E-BP1)

Fibroblast growth factor 5
(FGF-5)

Interleukin-10 receptor
subunit beta (IL-10RB)

Monocyte chemotactic ~ Tumor necrosis factor
protein 4 (MCP-4) ligand superfamily
member 14 (TNFSF14)

Interleukin-12 subunit beta Natural killer cell Tumor necrosis factor

(IL-12B)

Interleukin-13 (IL-13)

Interleukin-15 receptor
subunit alpha (IL-15RA)

Interleukin-17A (IL-17A)

receptor 2B4 (CD244) receptor superfamily
member 9 (TNFRSF9)

Neurotrophin-3 (NT-3)  Urokinase-type
plasminogen activator
(uPA)

Neurturin (NRTN) Vascular endothelial
growth factor A
(VEGF-A)

Oncostatin-M (OSM)

Supplementary Table S2. Proteins detected in >75% of the samples

Protein detected in >75% of samples

IL8
VEGF-A
uPA

IL6
MCP1
OSM
CXCL1
cCL4
1L18
TNFSF14

MMP1
IL18R1
CXCL5
HGF
CCL3
EN-RAGE
CD40
ADA
CSF1
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Supplementary Figure 1. Neutrophil activity and cell survival on different materials

A) Metabolic activity of neutrophils expressed as fluorescence units over time and among different materials. B)
LDH release by neutrophils cultured on different materials expressed as a percentage of the maximum amount of
LDH release after cell lysis. C) The percentage of alive cells after 5 hours. D) The percentage of alive cells after
24 hours. Each bar represents the mean of 5 donors + SD. Abbreviations: LDH, lactate dehydrogenase.
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Supplementary Figure 2. Superoxide anion production by neutrophils cultured on different

materials
Superoxide anion production after A) 30 minutes and B) 3 hours of culture. Box plots represent the 25" and 75™
percentile with the median, the whiskers indicate the maximum and minimum.
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Supplementary Figure 3. The release of neutrophil extracellular trap components on different
materials
The release of A) MPO in pg/ml and B) neutrophil elastase in pg/ml by neutrophils cultured on different materials.
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Supplementary Figure 4. Analysis of cytokine secretion by neutrophils using the OLINK

technology
A-F) Box plots showing the level of A) VEGFA, B) HGF, C) uPA, D) EN-RAGE, E) OSM, and F) IL-8. Box plots represent
the 25" and 75™ percentile with the median, the whiskers indicate the maximum and minimum.
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Discussion

The research described in this thesis focused on the use of an endogenous approach to
stimulate the cell free repair of osteochondral defects, and sought to understand the
complex interactions between mesenchymal stromal cell migration, inflammation and
biomaterials. This understanding is crucial for the optimization of endogenous repair
strategies for osteochondral defects.

The complex relationship between inflammation and osteochondral
repair
The repair of osteochondral defects is a complex process that occurs in a tissue

environment generally characterised by inflammation "2

. In joints with cartilage
damage, the intra-articular environment is frequently disturbed and accompanied by
synovial inflammation ®. Acute joint trauma leads to an increase in cytokine levels,
which remain elevated if the damage is not fully repaired **°. Synovial fluid obtained
from patients with rheumatoid arthritis (RA), an autoimmune disorder characterized
by high levels of inflammatory cytokines was found to inhibit chondrogenesis in
subchondral MSCs ©. Similar, synovium conditioned medium from OA patients (a more
‘chronic’ inflammatory situation) inhibited MSC chondrogenesis . In contrast, synovial
fluid collected from controls did not exhibit such inhibitory effects °. Similar to the
inflammatory situation in RA and OA, synovial fluid from injured knee joints also

inhibited cartilage-related matrix synthesis ®

. Apparently, synovial fluid contains
chondrogenesis promoting factors. However, the positive effect of these factors may
be inhibited by the concurrent presence of inflammation in the joint environment.
Interestingly, studies in mice have shown that the absence of pro-inflammatory
molecules like TNF-a and COX-2 can delay bone healing, implying that inflammation
is essential for tissue repair *'°. This idea is supported by a previous study showing
that exposure of human MSCs to TNF-a in the early phase of in vitro culture, can boost
chondrogenesis '"'. However, excessive inflammation may inhibit MSC chondrogenesis
in models of OA and traumatically injured joints '»'3, This stresses the need to resolve
or reduce inflammation at some point for optimal tissue repair. The importance of
anti-inflammatory cytokines in cartilage repair has been widely documented '**. It is
important, to note that joint inflammation is a multifaceted phenomenon and cannot
be attributed to a single factor. It is likely the result of a complex interplay between
both pro-inflammatory and anti-inflammatory cytokines. As such, targeting a single
cytokine for inhibition or stimulation may not be the most effective approach .
Instead, for optimal joint repair, efforts should be directed towards modulating the
cytokine “cocktail”. One strategy for modulating the composition of the “cocktail”
of pro- and anti-inflammatory factors contributing to joint inflammation is the
administration of anti-inflammatory drugs, such as triamcinolone acetonide (TAA).
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As demonstrated in chapter 2 the application of TAA in vitro led to the inhibition of
multiple pro-inflammatory markers and stimulation of anti-inflammatory markers in
the synovium. Additionally, results in chapter 3 from an osteochondral defect mouse
model showed that intra-articular TAA injection resulted in less synovial inflammation
compared to saline-injected mice, which aligns with findings from previous studies in
arthritis rodent models "', In some cases, TAA injection even reduced inflammation
to levels comparable to those observed in healthy, non-operated joints, which is
consistent with reports of reduced mononuclear cellinfiltration and intimal hyperplasia
in response to TAA "2'. These changes in pro- and anti-inflammatory factors may
promote a more favorable joint environment.

Most studies on inflammation and osteochondral tissue repair have focused on
chondrogenesis or osteogenesis. For endogenous osteochondral repair to happen,
the first stages should involve attracting progenitor cells capable of generating
new tissue. MSCs have been observed to migrate towards sites of inflammation in
various studies covering wounds and tumor environments *>%*. The migratory capacity
of MSCs has been shown to be stimulated by several factors present in joints with
cartilage defects 2*. These factors have been extensively studied individually and have
collectively been demonstrated to have a positive impact on MSC migration. However,
the impact of modulating inflammation on MSC migration towards the defect site has
not been widely studied. In chapter 2, we evaluated MSC migration in response to
conditioned medium from synovium modulated with TAA. The data collected showed
that MSC migration was higher in response to medium conditioned by TAA-modulated
synovium compared to unmodulated synovium. In chapter 3, we observed infiltration
of undifferentiated spindle-shaped cells into the defect site in an osteochondral
defect model in mice, indicating migration of bone marrow-residing MSCs. However,
no difference was observed in cell density or defect filling between the saline and TAA
group after 10 days, suggesting TAA did not impact cell migration or proliferation in
the defect. This discrepancy may be due to the (length of) exposure to TAA, which
has been shown in previous studies to reduce chondrocyte viability and inhibit cell
migration after a longer exposure period 2. In those studies, the exposure to TAA
varied from 4 to 14 days and was thereby very likely comparable to the exposure
time applied in chapter 3, but much longer than the 16 hours used in the study
described in chapter 2, possibly explaining the discrepancy between the observed
results. The exposure of MSCs/chondrocytes to TAA for a longer period might have
overruled the beneficial effect of modulating inflammation that could be beneficial in
the migration process. This knowledge should be taken into consideration when using
TAA in a clinical setting, especially since in human joints TAA can be detected in the
joint up to 2-3 weeks after injection %.
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The findings in chapter 3 further support this idea. The tissue filling the osteochondral
defect consisted of chondrocyte-like cells encased in a thionine-stained matrix.
Although the median Pineda cartilage repair score was comparable between mice
treated with TAA after 1 day and the control mice injected with saline, a significantly
smaller percentage of the defect area was filled in the TAA-treated mice. Additionally,
a significantly lower proportion of the filled defect area stained positively for
type Il collagen in TAA-treated mice, suggesting that intra-articular TAA injection
inhibits osteochondral repair. Previous studies have demonstrated that the use of
anti-inflammatory compounds, such as a protein kinase inhibitor or TNF-@ inhibitor,
during the early stages of chondrogenesis can inhibit cartilage formation ***'. This
could explain the decrease in type Il collagen deposition observed in our study, as
we administered the anti-inflammatory compound during the early stages of new
cartilage formation in the defect site. Further investigation, including serological
measurements of synovial fluid and analysis of the composition of inflammatory cells
within the synovial membrane over time, is necessary to better understand the role
of modulating joint inflammation in osteochondral repair and determine the optimal
timing of this step.

The impact of TAA on articular cartilage remains a subject of ongoing debate in the
field of orthopaedics. Studies examining the effect of TAA on cartilage in both healthy
and OA joints have produced conflicting results. One study reported dose-dependent
degenerative changes in the cartilage of healthy rabbit knees following weekly
injections of 3 mg TAA for 2-6 weeks *2. Another study found increased cartilage
degeneration, as indicated by higher Mankin scores, in surgically anterior cruciate
ligament nd meniscus destabilized rat knees treated with the extended-release form of
TAA? . These findings align with the reduced type Il collagen deposition and decreased
filling of the defect observed in chapter 3. However, in a collagenase-induced OA
rat model, TAA in either bolus or extended-release form had no effect on cartilage
degeneration *. Frisbie and colleagues found less cartilage degeneration, as indicated
by lower Mankin scores, following two intra-articular doses of 12 mg TAA administered
13 and 27 days after surgical induction of osteochondral fractures in equine carpal
bones . Notably, the effects were most pronounced when TAA was injected into the
contralateral (uninjured) joint rather than the diseased joint, indicating that low
concentrations of TAA may have beneficial effects. The extended presence of TAA
in the joint and higher concentrations of TAA may have detrimental effects on the
cartilage, as seen in the study of Rudnik et al. ¥, although this may vary depending on
the joint pathology. The current evidence is conflicting and suggests both beneficial
and harmful impacts on the cartilage *. Further research is necessary to explore
whether other drugs can effectively reduce inflammation and improve MSC migration.
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The role of anti-inflammatory and repair macrophages in
osteochondral repair and its potential as therapeutic target

Chapter 2 presents the impact of modulation of synovial inflammation on MSC migration.
The synovium, a critical component in joint inflammation and wound healing, contains
a high number of macrophages, which play a vital role in osteochondral repair **3.
To create a more favorable cartilage repair environment, we aimed to target and
modulate the macrophages in the synovium using TAA. Our results showed that secreted
factors released by all macrophage phenotypes stimulate MSC migration. Additionally,
we observed a shift in the synovium towards an anti-inflammatory state. This shift in
phenotype is consistent with previous studies that have shown that glucocorticoids,
such as dexamethasone and methylprednisolone, can modify the polarization state
of pro-inflammatory macrophages into a more anti-inflammatory phenotype .
Moreover, glucocorticoids have been shown to promote the differentiation of naive
monocytes into an anti-inflammatory macrophage phenotype, which could further
enhance the effect seen . It is yet to be determined whether these mechanisms play
a role when glucocorticoids are applied to the joint rather than in an in vitro setting.

In chapter 2, we observed that modulation of repair- and anti-inflammatory
macrophages led to a two- to three-fold increase in MSC migration. Conversely,
modulation of pro-inflammatory macrophages and synovial fibroblasts did not show
any significant effect on MSC migration. These findings suggest that the enhancement
of MSC migration is attributed specifically to the role of repair- and anti-inflammatory
macrophages. Hence, shifting the polarization state from pro-inflammatory to anti-
inflammatory macrophages could represent a promising avenue for boosting MSC
migration during endogenous osteochondral repair. However, the suitability of TAA
as a modulatory tool for this purpose remains controversial as outlined earlier in
this discussion. As an alternative approach to TAA, BMP-2 can be used as research
has suggested that BMP-2 may lower the expression of pro-inflammatory macrophage
markers and encourage macrophages transition towards a tissue repair phenotype
“. In our semi-orthotopic model in chapter 5, the number of pro-inflammatory
macrophages was found to be lower in the BMP-2 condition compared to the scaffold-
only condition after 4 weeks. In addition to regulating the immune system, BMP-2

442 Given the

may also promote cell migration, chondrogenesis, and osteogenesis
significance of shifting from a pro-inflammatory to an anti-inflammatory macrophage
phenotype, the regulatory effect of BMP-2 may serve as another potential mechanism
for promoting early-phase osteochondral repair by both stimulating migration of MSC
and enhancing tissue formation through the transitioning of macrophage phenotype.

Future research should focus on exploring therapeutic strategies that can specifically
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target repair- and anti-inflammatory macrophages without negatively impacting the
overall cartilage homeostasis.

In addition to their positive impact on MSC migration, anti-inflammatory and repair
macrophages can also increase the cartilage-forming capacity of MSCs *. These
macrophages produce anti-inflammatory factors, such as IL-4, IL-10, and, IL-1RA, as
well as pro-chondrogenic factors like TGF-B and IGF 7****, Meanwhile, pro-inflammatory
macrophages from the synovium produce factors like TNF-a and IL-18, that inhibit MSC
chondrogenesis and contribute to synovial tissue catabolism by promoting production
of matrix degrading enzymes "“*’. Anti-inflammatory cytokines, such as IL-4 that can
block TNF-a and IL-18 production, and IL-10 that can enhance expression of type Il
collagen and glycosaminoglycan, have been shown to play a crucial role in cartilage
repair promoting chondrogenesis '“*. Previous studies have highlighted the potential
of using IL-4 for cartilage protection. By overexpressing IL-4 locally, the activation
of MMPs precursors can be blocked, thereby preventing the destruction of cartilage
caused by MMPs “°. This further supports the idea of modulating pro-inflammatory
macrophages towards a more anti-inflammatory and repair phenotype to improve
the outcome of endogenous cartilage repair strategies. Overall, our results provide
insight into the potential of modulation of inflammation and specifically modulating
pro-inflammatory macrophages towards an anti-inflammatory phenotype to create a
favorable environment for osteochondral repair.

Modification of biomaterials to improve osteochondral repair

Biomaterials have played a crucial role in the advancement of orthopedic surgery,
offering novel solutions for the repair of osteochondral defects **2. The development
of scaffolds that mimic the natural extracellular matrix has paved the way for the
regeneration of osteochondral tissue. Cell-free material-based approaches to treat
defects are desirable due to the scarcity of autologous chondrocytes and the benefits
of performing a single-stage procedure. In cell-free approaches, the infiltration
of surrounding cells into the biomaterial is essential for matrix deposition and
effective osteochondral repair . However, the limited invasion of MSCs into cell-
free biomaterials remains a challenge **. To address this issue, we explored two
strategies: modifying the properties of biomaterials and incorporating biologic factors
into the biomaterial.

Hydrogels have emerged as a promising material in cartilage repair due to their
cartilage-like features, including three-dimensional hydrophilic polymer networks that
can absorb large amounts of water, high mechanical strength, good reproducibility, and
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biocompatibility when used in combination with natural polymers such as hyaluronan,
gelatin, collagen, chitosan, and alginate **®. The mechanical properties, swelling
rate, degree of functionalization, pore size, and biodegradability of hydrogels can be
modified to suit a variety of biomedical applications. The most important aspect in
cell-free therapeutic approaches for osteochondral repair is to allow the migration

of surrounding MSCs and chondrocytes and induce their participation in repair >,

In chapter 4 we investigated the effect of different modifications of three hydrogels
on osteochondral repair. We found that the use of a MMP degradable crosslinker in
NorHA hydrogels resulted in significantly more tissue formation than a DTT crosslinker.
Additionally, the addition of collagen to hyaluronan hydrogels demonstrated a trend
towards enhanced migration of MSCs and chondrocytes compared to pure hyaluronan,
likely due to the cell adhesion sites present in collagen that facilitate cell infiltration
into the material ®'. This concept of adding collagen to enhance cell adhesion may
be relevant to other materials facing limitations with cell adhesion, such as synthetic
biodegradable polymers. The combination of natural and synthetic materials in
composite biomaterials can result in a material with superior mechanical properties,
bio-functionality, and controllable degradability, thus providing the benefits of both
synthetic polymeric and natural materials. In the studies in chapter 4, the repair
tissue formed within the osteochondral defect was insufficient, with a low overall
percentage of the defect that was filled and a particularly low amount of cartilage
and bone-like tissue. The observed inadequate tissue formation may be attributed
to challenges in cellular infiltration into the material. Our findings suggest that the
difficulty of cells invading the material might be due to the small mesh size of the
hydrogels used. The mesh size and pore connectivity of the network are critical
parameters in 3D cell migration, as they directly affect the physical presence and
mobility of cells ® . A previous study has shown that a larger mesh size leads to
more cell migration . An earlier in vitro investigation comparing GelMA with diverse
degrees of functionalization demonstrated that more functionalization was associated
with lower cell migration ®®. As a higher degree of functionalization can lead to
smaller pore sizes, this might be an important factor to keep in mind in biomaterial
design . Based on a study utilizing PLGA scaffolds, it was found that the optimal pore
size for cartilage falls within the range of 100-200 pym, and for bone it is between
300-450 um ¢’ This data suggests that hydrogels may not be the most suitable choice
for osteochondral repair without the use of cells, due to their smaller pore/mesh size
which prevents optimal infiltration and tissue formation of MSCs. Moreover, in the
context of osteochondral repair, it is essential to design a biomaterial construct that
can address the unique requirements of both cartilage and subchondral bone repair. One
possible strategy to achieve this is to use a hybrid or biphasic biomaterial construct, in
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which the component responsible for cartilage repair has a highly elastic modulus that
can withstand pressure and resist friction, thereby facilitating extracellular matrix
deposition. This can also promote chondrogenesis of MSCs while preventing undesired
hypertrophic differentiation and contributing to chondrocyte mineralization. The
other component of the construct responsible for subchondral bone repair should be
capable of promoting the development of a vascular network within the biomaterial.
This can help to facilitate nutrient transport, stimulate osteoblast proliferation, and
provide robust support for the regeneration of the overlying cartilage. An example of
such a scaffold is the one we employed in chapter 5, that contains a collagen layer
for the cartilage region and a collagen-hydroxyapatite layer for the calcified tissue
layers.

Another strategy to enhance cell migration within cell-free materials involves the use
of chemotactic and growth factors. Recombinant human SDF-1a is an example of a
factor that has improved cell migration in fibrin and HA gels ® and also the incorporation
of IGF-1, and TGF-B3 have been shown to improve cell migration into hydrogels *7".
BMP-2 and PDGF-BB have also been observed to stimulate cell ingrowth >7%, These
factors have been shown to enhance chondrogenesis, improve osteoblast function,
and facilitate bone integration, making them suitable candidates for osteochondral
repair . In chapter 5, we incorporated these factors in a clinically-applied Col/
Col-Mg-Hap scaffold used for osteochondral repair. In the ex vivo osteochondral defect
model, the cell ingrowth into the scaffold was improved by both BMP-2 and PDGF-
BB compared to the scaffold alone. Additionally, both BMP-2 and PDGF-BB addition
resulted in a slightly greater amount of osteochondral tissue within the scaffold at
the early repair phase of 4 weeks albeit still very limited. At the more mature stage
of 8 weeks, there was no difference in osteochondral repair between the scaffold-
only and BMP-2 or PDGF-BB-adsorbed conditions. This discrepancy could be due to
the fact that the scaffold-only condition already demonstrated very good integrative
repair, leaving little room for further improvement with the addition of BMP-2 and
PDGF-BB. In the hydrogel setting, however, the incorporation of these chemotactic
factors could be a valuable tool to further evaluate their potential in stimulating
osteochondral repair, as in these acellular hydrogels there is still much room for
improvement. Another example of a potential solution to improve cell infiltration
and tissue repair is the use of a platelet-rich plasma (PRP), which has demonstrated

[ ®. Besides

improved chemotaxis and chondrogenesis of MSCs in a GelMA hydroge
the improvement in chemotaxis and chondrogenesis, the addition of PRP to GelMA
polarized macrophages from a more pro-inflammatory to a more anti-inflammatory
state which could have been the reason for improved osteochondral repair in line

with the concept earlier in this discussion providing a very interesting candidate to
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improve hydrogel assisted cell-free osteochondral repair. However, there are many
techniques to produce PRP and the content of PRP is not very well controllable, which
may lead to significant difference per application. Other strategies include adding
chondro- and osteoinductive biochemical cues %, incorporating mineral ions such as
calcium, magnesium, and zinc into biomaterial design *, gene targeting factors such
as mRNA ¥ anti-inflammatory agents, and small compound drugs ®, which have been
demonstrated to have positive effects on osteochondral repair. Modifying biophysical
properties of biomaterials alone, as done in this thesis, may be only the first step
towards a fully controlled process of osteochondral repair. It is important to note
that cell migration is a complex process regulated by multiple factors, including cell
signaling pathways, extracellular matrix composition, and mechanical properties of
the environment. In fact, biophysical modifications to biomaterials may influence
some of these factors, they may not fully replicate the complexity of the native
tissue environment. Nonetheless, it is important to evaluate small modifications to
biomaterials as both biophysical and biochemical cues function synergistically to
facilitate cartilage and bone regeneration ¥.

Another critical aspect of successful osteochondral repair is achieving strong
interfacial adhesion between the biomaterial construct and the surrounding defect
edges. Enhancing this adhesion is crucial to promote integration and ensure the long-
term stability of the repair.

The inflammatory response in biomaterial-guided tissue repair

The outcome of tissue repair guided by biomaterials is closely tied to the body’s innate
immune response as biomaterials are recognized as foreign bodies upon implantation
%, This leads to activation of the innate immune system and recruitment of immune

cells such as neutrophils, monocytes, and macrophages °°'

. The inflammatory
response elicited by biomaterials can vary widely, and various design factors can

modulate this response to foster functional tissue healing or regeneration *.

In chapters 4 and 5, we evaluated the inflammatory response towards different
implanted biomaterials in vivo. The results showed that hydrogels elicited only a minor
foreign body reaction as demonstrated by only a few inflammatory cells on and within
the hydrogels. Also, additional staining with F4/80 and MPO (data not shown) confirmed
that implantation of the different hydrogels did not result in massive activation of
macrophages and neutrophils. Notably, in chapter 5, four weeks following collagen/
hydroxyapatite scaffold implantation, a marked inflammatory response was observed,
characterized by the presence of neutrophils and macrophages surrounding and within
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the scaffold. At this time point, there was limited osteochondral tissue formation, but
after eight weeks, inflammation had fully subsided, and tissue repair was evident in
all scaffolds, indicating that the resolution of inflammation over time may be essential
for successful biomaterial-assisted tissue repair. One of our preliminary, unpublished
experiments revealed that the absence of inflammation following implantation of the
collagen-only layer of the Col/Col-Mg-Hap scaffold did not lead to cell infiltration
nor tissue repair in the semi-orthotopic osteochondral defect model in mice after 8
weeks, while the collagen/HA layer, which induced more inflammation, demonstrated
clear signs of tissue repair. This supports the notion that inflammation is necessary
for successful osteochondral repair. Inflammation is known to influence cell migration
as well as matrix degradation and therefore can be a factor influencing the ingrowth
of cells in the biomaterial ***, To better understand the inflammatory response to
biomaterials, it would be valuable to have tools to pre-screen the response prior to in
vivo experiments. By doing so, we can ultimately tune the inflammatory response and
improve the outcome of osteochondral repair.

After considerable focus on macrophages, the role of neutrophils in biomaterial-

%_ Neutrophils play a critical

guided tissue repair has gained increasing attention
role in recruiting macrophages and facilitating the transition from pro-inflammatory
to anti-inflammatory macrophages, a key factor in resolving inflammation and

promoting tissue repair %

. This transition has been previously described in this
thesis as an essential aspect for improving cell migration. Understanding the impact
of neutrophils on osteochondral repair is crucial as they have been found to both
aid and impair the repair process. Activated neutrophils can damage cartilage by
releasing ROS and elastase, which degrade the GAG, suppress the proliferation and
migration of chondrocytes, and induce cell death . In contrast, neutrophil-derived
vesicles can counteract inflammation and promote cartilage protection by stimulating
the production of TGF-B, a key player in chondrogenesis '®'", These findings highlight
the dual role of neutrophils in osteochondral repair and underscore the importance
of understanding their impact. Despite their prominence as the most prevalent
immune cells in the body, their function in response to biomaterial implantation
remains poorly understood. In chapter 6, we established an in vitro model to assess
various functions of human primary neutrophils in response to different materials. In
comparison to natural materials, synthetic materials induce rapid neutrophil death,
leading to high levels of LDH, ROS production, and the release of NET components
such as MPO and neutrophil elastase. The high levels of LDH suggest that necrosis
is the prevalent form of cell death, which can trigger inflammation and contribute
to tissue damage "', In addition, high levels of ROS and the release of neutrophil
elastase can degrade the extracellular matrix surrounding the biomaterial and high
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levels of MPO lead to chronic inflammation by replenishing neutrophils at the implant
site %%, These findings suggest that synthetic materials tend to activate neutrophils
to a greater extent, potentially leading to tissue damage and increased inflammation
when compared to natural materials. This knowledge can also be used to modulate
the immune response for successful repair. For example, in biomaterials where there
is limited inflammation, the addition of a synthetic material can induce inflammation
and promote repair. Nevertheless, maintaining a balance is critical, as excessive
inflammation can be detrimental.

Future research could focus on different biophysical properties of biomaterials, such
as material topography, surface chemistry, and stiffness, and understanding their
impact on the immune response and osteochondral repair. This will be essential for
actively modulating the neutrophil and macrophage response and improving tissue
repair.

The importance of model selection for relevant and applicable
osteochondral repair research

The results obtained in the studies described in chapters 2-5 across various experiments
were not supporting the same conclusions. The differences obtained between in vitro,
ex vivo, and in vivo models may be attributed to biological environment that each
model represents. The environmental differences among these models can impact the
experimental results. Additionally, the effects of incorporating BMP-2 and PDGF-BB
into a biomaterial demonstrated disparate outcomes in ex vivo and in vivo models,
which could be influenced by the chosen time-point and species for each experiment.
Furthermore, the discrepancy in osteochondral repair was also dependent on the site
of implantation of the scaffold. The addition of BMP-2 seems to have a beneficial
effect on repair in the non-weight bearing semi-orthotopic mouse model and in the
caprine trochlear groove, whilst BMP-2 addition worsened the repair in the weight
bearing caprine femoral condyle. This indicates that the role of loading could also
have a significant impact on the final results observed in chapter 5. These conflicting
results highlight the importance of performing both in vitro and in vivo testing of all
biomaterials, as the results may be affected by the specific model used. When selecting
an animal model, it is important to consider several factors, including the size and
shape of the osteochondral defect to be created, the biomechanical properties of the
joint, the healing potential of the animal, and the ethical considerations involved
in using animals for research purposes. A suitable animal model should mimic the
biological processes and pathologies of the human condition being studied to ensure
that the results obtained are relevant and applicable to the human population.
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Ultimately, the selection of an appropriate animal model for osteochondral repair
should be based on a careful evaluation of the research question, the biomaterial
being tested, and the ethical considerations involved in using animals for research
purposes.

FUTURE DIRECTIONS

Immunomodulation in osteochondral repair: a promising approach

Throughout this thesis, the significance of immunomodulation has been emphasized
and found to be critical for enhancing cell migration. The data in this thesis showed
that a shift from pro- to anti-inflammatory macrophages can be influenced by a
currently available drug, chemotactic factors such as IL-4, IL-10, and BMP-2. A previous
study also found that physical exercise can contribute to this shift, highlighting

7 Numerous

the importance of postoperative physiotherapy for ultimate success
biomaterials have been shown to affect macrophage polarization. For instance, Dai et
al. used squid-derived type Il collagen in a scaffold and demonstrated the polarization
of pro-inflammatory macrophages towards anti-inflammatory macrophages, leading to
the expression of cartilage matrix associated genes by chondrocytes, the suppression

of pathological apoptosis and hypertrophy of chondrocytes *.

Developing a biomaterial with immunomodulatory properties is an effective and
practical approach. In one study, a biomimetic with a bone-like staggered nanointerface
was examined for its immunomodulatory properties during bone regeneration, and
it was observed that the hierarchical nano interface facilitated anti-inflammatory
macrophage polarization, which promoted endogenous bone regeneration '®.
Incorporating TGF-81 into a hydrogel was found to increase anti-inflammatory
macrophage polarization and enhance chondrogenesis '®. These findings illustrate the
potential for modifying a biomaterial to modulate the immune response and promote
osteochondral repair by influencing the interaction between the biomaterial and
immune cells involved in the host response. However, it should be noted that all of
these studies only focused on the effect of biomaterials on macrophage polarization,
neglecting other immune cells that may work in either a synergistic or antagonistic
manner. Thus, it is important for future studies to comprehensively evaluate the
involvement of the entire immune system, including neutrophils and macrophages,
and their interplay.

The approach used in this thesis to modulate the macrophage phenotype had some
limitations with negative effects on the formation of new osteochondral tissue. Exploring
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other therapeutic options that specifically polarize pro-inflammatory macrophages
towards more anti-inflammatory and repair macrophages without having negative
effects on the formation of new osteochondral tissue may result in more effective
strategies for promoting endogenous cartilage repair. One option could be the use of
MSC injections. These MSC-based injections can exert an immunomodulatory effect
on the affected joint and potentially provide a source of growth factor stimulation '*°.
The efficacy of stem cell injections in polarizing the macrophage phenotype towards a
more anti-inflammatory state is unclear and might be the subject of future research.
The optimal timing of the anti-inflammatory treatment relative to the processes
involved in osteochondral repair should also be studied to gain insights into the
potential benefits and drawbacks of these treatments. Understanding the mechanisms
underlying joint inflammation modulation and its impact on osteochondral repair may
lead to the development of new and more effective treatments for osteochondral
defects. Overall, investigating the effect of modulation of inflammation presents a
promising avenue for future research in the field of orthopedics.

Exploring cell-based approaches in a single procedure for
osteochondral repair

A key aspect of cell-free osteochondral repair is focused on promoting the migration
of cells to the site of injury or defect. However, cell migration is limited by several
factors, such as the presence of physical barriers like scar tissue, inadequate blood
supply to the damaged area, and the absence of specific signaling molecules or growth
factors necessary for cell migration and proliferation *¢. Additionally, the age and
overall health of the individual can also impact the ability of cells to migrate and
effectively repair the affected tissue "', Literature suggests that a large number of

chondrogenic progenitor cells are required for successful osteochondral repair """,

The drawback of limited cell availability and difficulty in promoting cell migration
and proliferation in biomaterial-based cell-free approaches might be overcome
by applications that involve the use of harvested cells in combination with other
strategies. With the application of cells, a source of new and functional tissue can be
provided that can integrate with the surrounding environment and promote healing.
The challenge remains to obtain a sufficient number of cells as a substantial quantity
is required to initiate a proper osteochondral repair response. Future therapies could
focus on incorporating cells into the repair process to promote the regeneration
of functional cartilage tissue while still enabling one-stage procedures, which is a
significant benefit in clinical practice. This can be addressed by combining directly
isolated chondrocytes or chondrons with autologous MSCs or allogenic MSCs, which has
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been shown to enhance the chondrogenic effect "', An alternative involves the use
of in vitro cultured and expanded allogeneic chondrocytes as a one-stage procedure.
Research suggests that juvenile human chondrocytes have a higher potential to
restore articular cartilage than adult cells and can be transplanted without the
risk of rejection . Clinical studies have shown that in vitro expanded allogeneic
chondrocytes transplanted in biodegradable, alginate-based, biocompatible scaffolds
have produced satisfactory results and a good safety profile in the treatment of
chondral and osteochondral lesions in the knee, with results reported up to 6 years post-
treatment '7. The use of viable chondrocytes from cadaveric human donors has also
been demonstrated and the chondrogenic capacity is not altered by cryopreservation,
providing another large pool of cells that can be used in osteochondral repair &,
Another emerging technique in the field of osteochondral repair involves the use of
cartilage fragments, which has been shown to improve cell migration, proliferation,
and GAG content compared to chondrocytes alone '°. Further studies are needed to
determine the optimal cell source to use or whether a combination of cell sources
will be best in osteochondral repair. A combination of these therapies may provide
the best results by utilizing both the benefits of chondroprogenitor cells and cartilage
fragments to promote the growth and regeneration of functional tissue. The best
approach may depend on the individual patient and specific conditions being treated.
Artificial intelligence-based software could in the future hopefully determine the best
treatment strategy for the individual patient. Since there is still no ideal solution,
further research in both the field of cell free-approaches and cell-based approaches
is necessary.

Towards more effective osteochondral repair through biomaterials
and 3D printing

The current methods for repairing osteochondral defects are limited by their inability
to recreate the complex spatial distribution of cell types and tissue organization
that is required for successful repair '°. To address this challenge, there is a growing
interest in 3D printing technology to produce highly precise 3D structures that mimic
the morphology and function of both cartilage and subchondral bone. This technology
involves the use of hydrogel as a temporary extracellular matrix and layer-by-layer
printing of various matrices. Furthermore, these structures can be printed in the
exact dimensions of a patient’s osteochondral defect. The implementation of MRI-
guided 3D printing or trans-arthroscopic direct 3D printing could significantly enhance

the accuracy and efficacy of repairing osteochondral defects '*

. Another option
in 3D printing is incorporating different cell types also known as bioprinting. The

potential utilization of a combination of chondrocytes, mesenchymal stromal cells,
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cartilage fragments, and even induced pluripotent stem cells (iPSCs) in the field of

22 Looking

osteochondral repair could be an interesting possibility in the future
towards the future, 3D printing technology holds great potential for the repair of
osteochondral defects. In fact, by mimicking the intricate spatial distribution of cells

and tissue organization in native cartilage and subchondral bone.

Therapeutic options should focus on producing stable hyaline-like cartilage for long-
term integrative repair. To produce stable hyaline-like cartilage the subchondral bone
plays a key role in mechanically and metabolically supporting the articular cartilage
2. The functional conditions of the articular cartilage and its supporting bone are
closely linked, and injuries to either can have adverse effects on the entire joint
environment '*. The subchondral bone serves not only as a shock absorber, but also
contains cavities that harbor blood vessels that provide vital nutrients and signaling
molecules for the deeper layers of the cartilage '*'%. It is important to acknowledge
that the cartilage and subchondral bone are highly interdependent, and together form
a functional unit. The field of osteochondral repair should focus on improving our
understanding of the interplay between biomaterials, the immune system, and repair
cells. Studies should particularly concentrate on the comprehensive involvement of
the immune system, including neutrophils and macrophages, and their interplay in
order to create more biocompatible biomaterials and develop new therapeutic targets
for tissue repair. Ultimately, this should lead to functional osteochondral repair and
integration, that can be guided by biomaterials that elicit the right immune response.
With continued advancements in the field, it is hoped that future treatments will
provide a more successful and long-lasting solution for the repair of osteochondral
defects.
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SUMMARY

Osteochondral defects involve both the articular cartilage and the subchondral
bone, and may lead to disability in the aging population. Osteochondral defects are
accompanied by joint inflammation. Inflammation plays a crucial role in the wound
healing response and is characterised by various factors that are important regulators
in the attraction and migration of mesenchymal stromal cells (MSCs) towards sites of
injury. MSC migration is an important step in the repair process, as MSCs must first
migrate to the site of the defect before they can begin the process of osteochondral
tissue repair. Excessive or prolonged inflammation, however, can hinder tissue repair
and may lead to the formation of inferior quality repair tissue. Early inhibition or
reduction of inflammation may improve tissue formation, but it was unknown
whether this would have a negative effect on the migration of MSCs to the defect
site in the early phases of the repair process. In chapter 2, we investigated the
effect of synovial inflammation on MSC migration in vitro and tested whether the
modulation of inflammation using triamcinolone acetonide (TAA), a corticosteroid,
would affect migration. The results showed that synovial inflammation promoted MSC
migration and that TAA further enhanced this process by increasing the ability of
anti-inflammatory and repair macrophages to stimulate MSC migration. Specifically,
TAA decreased the percentage of pro-inflammatory macrophages and increased the
percentage of anti-inflammatory macrophages. Because of these positive effects we
decided to use this clinically applied drug in a setting that more closely resembles
the actual situation in an osteochondral defect. In chapter 3 we evaluated the
effect of intra-articular injection of TAA in an osteochondral repair mouse model and
found that it reduced synovial inflammation, had no effect on cell migration, but
negatively affected cartilage repair. Although our findings suggested that modulation
of inflammation might be a promising strategy for enhancing the endogenous repair
of osteochondral defect, TAA seems not to be the right tool to do so. Future therapies
targeting anti-inflammatory macrophages may improve MSC migration and should
have no negative effect on the developing osteochondral tissue, thereby promoting
osteochondral regeneration.

Another approach to repair osteochondral defects is the use of biomaterials such
as hydrogels and scaffolds. These biomaterials have demonstrated to support
osteochondral repair in vitro but face challenges in vivo related to limited cellular
invasion. In chapter 4 we investigated the effect of three different modifications to
three cell-free hydrogels on cell migration and related tissue formation for the repair
of osteochondral defects. We found that modification of hydrogels by reducing the
crosslinking density, use of a degradable crosslinker or including fibrillar collagen
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can control and improve cell migration and tissue formation. In chapter 5 we aimed
to improve migration and thereby osteochondral repair by adsorbing BMP-2 and/or
PDGF-BB onto a bi-layered collagen/collagen-magnesium-hydroxyapatite scaffold. We
found that adding BMP-2 or PDGF-BB increased migration of cells into the biomaterial
in an early stage of repair.

The implantation of a biomaterial, as we did in chapters 4 and 5, elicits an inflammatory
response, and the resolution of inflammation is crucial for optimal repair. The type of
biomaterial and its design can impact the intensity and duration of the inflammatory
response, and it is therefore important to carefully design and select biomaterials
that elicit an appropriate inflammatory response for optimal osteochondral repair.
In general, the hydrogels used in chapter 4 induced a minor inflammatory response
with limited invasion of inflammatory cells. Conversely, the collagen/hydroxyapatite
scaffold used in chapter 5 showed more inflammation, and it was found that this
inflammatory response is necessary for successful osteochondral repair. Interestingly,
preliminary experiments showed that absence of inflammation after implantation of a
scaffold did not lead to tissue repair, supporting the idea that inflammation is critical
for successful biomaterial-assisted tissue repair. Pre-screening tools to evaluate the
inflammatory response could help to improve the outcome of biomaterial-assisted
tissue repair. While macrophages are well-studied for their role in the inflammatory
response, neutrophils also play an important role in this process. In chapter 6, we
focused specifically on the set-up to study the response of human primary neutrophils
to a range of naturally- and synthetically-derived materials in vitro. We showed that
neutrophils had increased survival on naturally derived constructs and exhibited a
higher oxidative burst, decreased myeloperoxidase and neutrophil elastase, and
decreased cytokine secretion compared to neutrophils on synthetic materials. This
culture model can be used to pre-screen the response to biomaterials prior to in vivo
experiments.

Further studies should concentrate on the comprehensive involvement of the immune
system, including neutrophils and macrophages, in osteochondral repair and their
interplay rather than focusing on one immune cell type only. By doing so, we can
ultimately tune the inflammatory response and improve the outcome of osteochondral
repair. Biomaterial-guided osteochondral repair should focus on improving our
understanding of the interplay between biomaterials, the immune system, and repair
cells. Understanding the impact of these factors on osteochondral repair will be
essential for actively modulating inflammation and designing biomaterials to achieve
successful functional osteochondral repair and integration of the repair tissue with
the original tissue at the defect edges.
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Osteochondrale defecten omvatten zowel het gewrichtskraakbeen als het
onderliggende subchondrale bot en kunnen leiden tot invaliditeit. Osteochondrale
defecten gaan gepaard met gewrichtsontsteking. Ontsteking speelt een cruciale rol
in de wondgenezing en wordt gekenmerkt door verschillende factoren die belangrijk
zijn in het aantrekken en de migratie van mesenchymale stromale cellen (MSCs) naar
plaatsen waar weefselschade is opgetreden. MSC-migratie is een belangrijke stap in
het reparatieproces, aangezien MSCs eerst naar de plaats van het defect moeten
migreren voordat ze het proces van weefselherstel kunnen starten. Overmatige
of langdurige ontsteking kan echter het weefselherstel belemmeren en kan leiden
tot de vorming van weefsel van matige kwaliteit. Vroege remming of vermindering
van ontsteking kan de weefselvorming verbeteren, maar het was onbekend of dit
een negatief effect zou hebben op de migratie van MSCs naar de plaats van het
osteochondraal defect in de vroege fasen van het reparatieproces. In hoofdstuk 2
hebben we het effect van synoviale ontsteking op MSC-migratie middels celkweek
onderzocht en getest of de remming van ontsteking met triamcinolonacetonide (TAA),
een corticosteroid, de migratie beinvloedde. De resultaten toonden aan dat synoviale
ontsteking MSC-migratie stimuleerde en dat TAA dit proces verder stimuleerde via
“ontstekingsremmende” en “reparatie” macrofagen. Specifiek verminderde TAA
het percentage ontstekingsbevorderende macrofagen en verhoogde het percentage
ontstekingsremmende macrofagen. Op basis van deze positieve effecten besloten we
dit medicijn dat ook in de klinische praktijk al wordt toegepast, te gebruiken in een
situatie die meer lijkt op de werkelijke situatie bij een osteochondraal defect. In
hoofdstuk 3 hebben we daarom het effect van injectie van TAA in het kniegewricht
geévalueerd in een muismodel voor osteochondraal herstel. We ontdekten dat TAA
de synoviale ontsteking verminderde, geen effect had op celmigratie, maar een
negatief effect had op het kraakbeenherstel. Hoewel onze bevindingen suggereren
dat modulatie van ontsteking een veelbelovende strategie zou kunnen zijn om het
lichaamseigen herstel van osteochondrale defecten te verbeteren, lijkt TAA niet
het juiste middel te zijn om dit te doen. Toekomstige behandelingen gericht op
ontstekingsremmende macrofagen kunnen de MSC-migratie verbeteren, maar mogen
geen negatief effect hebben op het zich ontwikkelende osteochondrale weefsel,
waardoor herstel wordt bevorderd.

Het herstel van osteochondrale defecten kan ook verbeterd worden door het gebruik
van biomaterialen. Deze biomaterialen hebben aangetoond het osteochondrale herstel
in celkweek experimenten te ondersteunen, maar worden in dierstudies en klinische
studies geconfronteerd met uitdagingen gerelateerd aan beperkte celingroei. In
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hoofdstuk 4 onderzochten we het effect van drie verschillende aanpassingen van
hydrogels, op celmigratie en gerelateerde weefselvorming voor het herstel van
osteochondrale defecten. Hydrogels zijn biomaterialen met een grote hoeveelheid
water. We ontdekten dat aanpassingen van hydrogels door het verminderen van de
crosslink-dichtheid, het gebruik van een afbreekbare crosslinker of het toevoegen
van collageen, de celmigratie en weefselvorming kunnen verbeteren. In hoofdstuk
5 richtten we ons op het verbeteren van defectherstel door BMP-2 en/of PDGF-BB
te adsorberen op een uit twee lagen bestaand biomaterial van collageen/collageen-
magnesium-hydroxyapatiet. We ontdekten dat het toevoegen van BMP-2 of PDGF-BB
de migratie van cellen in het biomateriaal in een vroeg stadium van herstel mogelijk
kan verhogen.

De implantatie van een biomateriaal, zoals we deden in hoofdstukken 4 en 5,
veroorzaakte een ontstekingsreactie en het verdwijnen van deze ontsteking is cruciaal
voor optimaal herstel van het defect. Het type biomateriaal en het ontwerp ervan
kunnen de intensiteit en duur van de ontstekingsreactie beinvloeden, en het is daarom
belangrijk om zorgvuldig biomaterialen te ontwerpen en selecteren die een geschikte
ontstekingsreactie opwekken voor optimaal herstel van een osteochondraal defect.
Over het algemeen veroorzaakten de hydrogelen die in hoofdstuk 4 werden gebruikt
een minimale ontstekingsreactie en een beperkte invasie van ontstekingscellen.
In tegenstelling hiermee gaf het collageen/hydroxyapatiet biomateriaal dat in
hoofdstuk 5 werd gebruikt meer ontsteking, en vonden we dat deze ontstekingsreactie
noodzakelijk is voor succesvol herstel van het osteochondrale defect. Interessant
genoeg toonden nog niet gepubliceerde experimenten aan dat bij implantatie van een
biomateriaal dat geen ontsteking gaf, er geen weefselherstel optrad, wat de gedachte
ondersteunt dat ontsteking cruciaal is voor succesvol biomateriaal- ondersteund
weefselherstel. Hulpmiddelen om deze ontstekingsreactie te evalueren véér gebruik,
kunnen helpen bij het verbeteren van de uitkomst van biomateriaal-ondersteund
weefselherstel.

Hoewel macrofagen goed bestudeerd zijn vanwege hun rol in de ontstekingsreactie,
hebben neutrofielen, die ook een belangrijke rol spelen in dit proces, veel minder
aandacht gehad. In hoofdstuk 6 hebben we ons specifiek gericht op het bestuderen
van de reactie van neutrofielen geisoleerd uit menselijk bloed in het laboratorium, op
een reeks van biomaterialen gemaakt van natuurlijke of synthetische componenten.
We hebben aangetoond dat neutrofielen langer overleven op natuurlijke materialen en
een hogere oxidatieve burst, lagere myeloperoxidase en neutrofiel elastase en lagere
cytokine-secretie hadden, in vergelijking met neutrofielen op synthetische materialen.
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Dit laboratoriummodel kan worden gebruikt om de reactie op biomaterialen te testen
véor dat deze geimplanteerd worden in een dier of mens.

Toekomstige onderzoeken zouden zich moeten concentreren op de betrokkenheid van
het complete immuunsysteem, inclusief neutrofielen en macrofagen, bij het herstel
van osteochondrale defecten, in plaats van zich te richten op één type ontstekingscel.
Door dit te doen, kunnen we uiteindelijk de ontstekingsreactie afstemmen en de
uitkomst van osteochondraal defectherstel verbeteren. Herstel van osteochondrale
defecten met behulp van biomaterialen zou zich moeten richten op het verbeteren van
ons begrip van de interactie tussen biomaterialen, het immuunsysteem en de cellen
verantwoordelijk voor het herstel. Het begrijpen van de impact van deze factoren
op het herstel van osteochondrale defecten is essentieel voor het actief moduleren
van ontsteking en het ontwerpen van biomaterialen om functioneel herstelweefsel te
krijgen en integratie van het herstelweefsel met het oorspronkelijke weefsel aan de
defectranden te bereiken.
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Personal details

Name Marinus Anthonie Wesdorp
Department Orthopaedics and Sports Medicine, Erasmus MC University
Medical Center, Rotterdam, The Netherlands
Research school Postgraduate school Molecular Medicine / Erasmus MC
Graduate School
PhD period May 2018 - December 2021
Promotors Prof. Gerjo J.V.M. van Osch, PhD and Prof. Jan A.N.
Verhaar, MD, PhD
Co-promotor Roberto Narcisi, PhD
Workload
(ECTS)
Courses
Nov 2018  SCORE course MolMed 1.0
Jan 2019 Systematisch literatuuronderzoek PubMed/ Embase. 1.0
Reviews: project management Endnote
Apr 2019 Laboratory Animal Science 3.0
Jun 2019 Scientific Integrity 0.3
Nov 2020 Biomedical writing course 2.0
Mar 2019 23" Molecular Medicine Day, Rotterdam. Poster 0.5
(Inter)national Conferences
Oct 2019 15" ICRS World Congress, Vancouver, Canada. Oral 1.0
May 2020  TERMIS-EU Manchester, United Kingdom. Oral covid-19
Nov 2020 29" annual meeting NBTE, @home, Online. Oral 1.0
Feb 2021 ORS annual meeting, @home, Online. Oral 1.0
Okt 2021 NOV jaarcongres 2021, Den Bosch. Oral 1.0
Nov 2021 6th TERMIS World Congress @home, Online. 2 Orals 2.0
Dec 2021 eCM Biofrabrication for Orthopaedics Davos, covid-19
Switzerland. Oral
Department/consortium presentations and meetings
2018-2021 Lab meetings department of Orthopaedics (weekly) 2.0
2018-2021 Research meetings department of internal medicine/ 2.0

Skeleton meetings
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2018-2021  Journal Club (monthly) 1.0

2018-2021  AOCD consortium meetings 1.0

2018-2021 Lab-clinic meeting (quarterly) 0.5

2018-2021  Orthopaedics and Sports Medicine Science Day 0.5
(annually)

Teaching and student supervision

2018-2021 Teaching minor orthopedic sports traumatology 1.0

2018-2021  Supervising bachelor students writing assignment 1.0
minor orthopedic sports traumatology

2018-2019  Supervising bachelor student systematic review 0.5
elective disorders of the musculoskeletal system

2020-2021  Supervising bachelor students systematic review 0.5
elective regenerative medicine

2020-2021  Supervising PhD student Jietao Xu 4.0
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2018-2021 Organization lab-clinic meetings Orthopaedics and 0.5
Sports Medicine

Oct 2019 - Research Fellowship at AO Research Institute Davos, 8.0
Switzerland

Sep 2020

Jan 2020 Organization ski trip Orthopaedics and Sports 0.5
Medicine

2020-2022 Organization sporthopedie 0.5

Jan 2021 Organization science day Orthopaedics and Sports 0.5
Medicine
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Apr 2021 EuroNanoMed3 Review Seminar, Best Poster Award
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De afgelopen jaren zijn voorbij gevlogen. In het begin klonk het als een utopie dat
ik ooit een boekwerk als proefschrift zou produceren en twijfelde ik wel eens of het
ooit wel af zou komen. Gelukkig sta je er niet alleen voor en zijn er veel personen die
ieder op hun eigen wijze hebben bijgedragen aan dit boek. Een aantal van hen wil ik
in het bijzonder bedanken.

Prof. dr. G. J.V.M. van Osch, beste Gerjo, tijdens mijn masteronderzoek leek het
jou een goed idee een keer koffie te drinken en voor ik het wist begon ik driekwart
jaar later met dit promotietraject. Ik wil graag mijn oprechte dankbaarheid en
waardering uitspreken voor de onschatbare begeleiding die je me gedurende mijn
hele promotietraject hebt geboden, en de mogelijkheden die je me hebt gegeven
om mijn dromen na te jagen. Ik begrijp nog steeds niet hoe iemand met jouw agenda
het voor elkaar krijgt om binnen een dag na het versturen van een nieuw manuscript
hierop te reageren met minimaal 500 comments, ik vind het bewonderenswaardig hoe
je zoveel ballen in de lucht weet te houden en altijd voor iedereen tijd hebt. Dank
ook voor alle lichtpuntjes die je steeds zag in mijn data als ik weer eens dacht dat
het waardeloos was. Ik durf met trots te zeggen dat ik me geen betere promotor had
kunnen wensen. Dank voor alles!

Prof. dr J.A.N. Verhaar, beste professor Verhaar, dank voor uw kostbare tijd,
begeleiding, adviezen en onze gezellige gesprekken over skién en Davos. U heeft niet
alleen als mijn promotor gefungeerd, maar ook als een voorbeeld. Dankuwel dat u mij
de kans heeft geboden om na mijn promotietraject mijn eerste stappen in de kliniek
te zetten om ervaring op te doen binnen de orthopedie.

Ik wil graag mijn oprechte dank uitspreken aan Dr. Bastiaansen-Jenniskens, beste
Yvonne, dank voor het vertrouwen wat je in me had tijdens mijn masteronderzoek
en de kans die je me hebt geboden om dit promotietraject te starten. Hoewel onze
samenwerking slechts een jaar heeft geduurd, heeft jouw begeleiding en oprechte
betrokkenheid bijgedragen aan de kwaliteit van mijn werk en geholpen om mijn
academische doelen te bereiken. | would also like to express my gratitude to Dr.
Roberto Narcisi, who seamlessly stepped into the role of co-promotor after Yvonne’s
departure. | am thankful for his willingness to take on this responsibility and for his
role in shaping the final stages of my work. | hope that one day we will run a marathon
together. Grazie!
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Prof. dr. Bouten, prof. dr. Dolhain en prof. dr. Karperien, leden van de
beoordelingscommissie. Hartelijk dank voor jullie tijd en voor het kritisch lezen en
beoordelen van dit proefschrift.

Dr. van der Windt, beste Anna, mijn allereerste kennismaking met de orthopedie was
bij jou op de poli kamer tijdens het coschap heelkunde, wat ontzettend leuk dat je
nu onderdeel uitmaakt van de grote commissie, zo is de cirkel weer rond. Prof. dr.
Alini, the famous football player from Locarno who has his own Panini sticker and
became a great scientist. Thank you for being part of the committee, it is an honour
to have you here.

Mijn oprechte dank gaat uit naar de onmisbare ‘labmoeders’, Nicole, Wendy, Janneke
en Sandra. Jullie toewijding en zorgzaamheid zijn de fundering van het lab. Jullie
vrolijkheid, bereidheid om te helpen en de wijze raad die jullie voor me hadden
als ik even op het krukje kwam zitten en het niet meer zag zitten, hebben mijn
onderzoekservaring verrijkt.

Alle collega’s van het lab Niamh, Andrea, Letizia, Chantal, Mauricio, Yannick,
Enrique, Virginia, Sohrab, Lizette, Shorouk, Kavitha, Mike, Pedro, Encheng,
Jietao, Judith en alle anderen, dankjewel, thank you, grazie, gracias, danke,
waars, #14 voor de mooie tijd, lab meetings, lab days en biertjes. Eric, working
with you, has been a delightful experience, and | hold in high regard the valuable
insights and guidance you’ve offered. Alle collega’s van het klinische onderzoek Eline,
Annika, Rintje, Michiel, Abigael, Britt, Floris, Lichelle, Joshua, Mark, Tjerk, Fleur,
Noortje, en alle anderen, heel veel dank voor jullie samenwerking, gezelligheid en
de potjes tafelvoetbal. In het bijzonder dank aan Max, dank dat ik bij jou de eerste
orthopedische stappen in het onderzoek mocht zetten en onze eindeloze gesprekken
over fietsen en voetbal, inmiddels is jou vast duidelijk wat nu de beste club van
Nederland is;)

The incredible experience of my research fellowship in Davos | will never forget. First
of all, thank you prof. dr. David Eglin and prof. dr. Geoff Richards for letting me be
part of the AO Family. This journey wouldn’t have been as enriching and successful
without the unwavering support and guidance of dr. Matteo d’Este and dr. Andrea
Schwab. My time in Davos taught me to be a ‘real’ scientist and successfully create
a new research line and be in charge from start to finish. Danke, Jan, fur all unsere
Langlauf- und Radabenteuer. Vielen Dank an die Budag-Alumni, Nadine, Andrea,
Teresa, Johannes und Maja fur das Teilen der Wohnung, die gemiitlichen Apero’s und
die gemeinsam verbrachte Zeit auf der Dachterrasse. Also, thanks to all other people
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from the AO Research Institute who helped me with my research and enrich my life by
spending another year in the mountains.

Orthopedisch chirurgen en AlOS van het Erasmus MC dank voor jullie betrokkenheid
en de leerzame tijd tijdens mijn eerste klinische stappen binnen de orthopedie.
Prof. Dr. Eygendaal, mijn eerste stappen in de kliniek waren onder uw begeleiding,
dank voor het vertrouwen en de onschatbare lessen in zowel klinisch als bestuurlijk
opzicht. Tevens wil ik mijn dank uitspreken aan dr. Koen Bos, wiens betrokkenheid bij
de voortgang van dit traject erg belangrijk was. Dank voor het vertrouwen dat je in
me hebt als toekomstig orthopedisch chirurg. Daarnaast ook een speciale dank aan dr.
Duncan Meuffels, dank voor het geloof en de begeleiding bij mijn allereerste paper,
dit heeft mijn enthousiasme voor de wetenschap aangewakkerd. Als ik weer terug ben
in het Erasmus MC hoop ik nog meer van jullie te leren!

Chirurgen en arts-assistenten van het Franciscus Gasthuis & Vlietland, en in het
bijzonder opleider dr. Marijn Poelman, dank voor de fijne en warme omgeving waarin
ik terecht ben gekomen. Dank voor jullie begeleiding en de goede basis die ik bij jullie
mag leggen voor mijn verdere carriére, jullie zijn een mooie club.

Het harde werk voor dit proefschrift was nooit mogelijk geweest zonder voldoende
ontspanning. Deze ontspanning gaf altijd weer nieuwe energie om door te gaan. Mannen
van Old Times en de Raad der Stokken, dank voor onze bijzondere vriendschap, de
jaarlijkse tripjes en mooie momenten die we beleefd hebben. Ondanks dat we over
het hele land verspreid zijn, zien we elkaar nog regelmatig. Ik hoop dat onze band
nog jarenlang zo sterk en trouw blijft en er nog vele poepchique diners, wintersporten
en borrels volgen. Thomas, Dex en Rico, dank voor de vele avonturen die wij in
de sneeuw en in de lucht hebben beleefd, ik hoop snel weer met jullie op de ski’s
te staan. Calvin, dankjewel voor het weekenden lang beachvolleyballen aan de
Nederlandse kust. Joppe, bedankt voor de spannende avonden RISK tot diep in de
nacht en het proeven van jouw culinaire avonturen. De Eetclub, ik ken jullie al vanaf
jaar 1 van geneeskunde, dank dat jullie er altijd voor me zijn geweest en voor de
nodige ontspanning en Eetclub avonden en weekenden. Ook al ben ik er niet altijd
bij, ik weet dat ik altijd bij jullie terecht kan. Axel en Ghislaine, dank dat ik ooit
bij jullie in huis mocht komen wonen, de vele reizen die we samen gemaakt hebben
en de vriendschap die we daardoor hebben ontwikkeld. Ik hoop dat we nog veel
mooie avonden bij de Vrienden van Amstel Live gaan beleven. Nando, dank dat ik
jou via Axel heb leren kennen, onze wekelijkse hardlooprondjes en de vele middagen
Formule 1 in de mancave. Pim, dank voor onze eindeloze uren op de racefiets na weer
een dag promoveren. Ik kom snel weer naar Zwolle om te fietsen.
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Lieve Anke en Alain, Sanne en Kevin, ik ben gezegend met zo’n geweldige
schoonfamilie. Dank dat ik me vanaf het eerste moment ontzettend welkom voelde.
Ik ben ontzettend gelukkig met dit warme bad en de nodige afleiding met mooie
weekendjes op Vlie. lk hoop dat we in de toekomst nog veel mooie momenten zullen
beleven.

Opa en oma Wesdorp, dank voor jullie interesse en support tijdens dit traject. Ik kan
nu zeggen dat ik echt ‘bijna’ klaar ben met studeren;)

Opa Ton en Oma Corrie, dank voor jullie steun en in het bijzonder ons wekelijkse
woensdag ‘krokettengesprek’ tijdens mijn jaar in Davos. Ik mis jullie.

Lieve Joost en Koen, kleine broers. Ook al zien en spreken we elkaar niet regelmatig,
ik weet dat ik altijd bij jullie terecht kan. Dank voor jullie onvoorwaardelijke steun
gedurende mijn leven en dat ik altijd op jullie kan rekenen. Ik ben trots op jullie en
trots dat jullie vandaag mijn paranimf willen zijn.

Lieve Mam en Pap, woorden kunnen niet beschrijven hoe dankbaar ik ben voor
jullie liefde, steun en opofferingen die jullie me gedurende mijn hele leven hebben
geschonken. Jullie zijn mijn rotsen, mijn gidsen en mijn grootste supporters. Zonder
jullie zou ik niet de persoon zijn die ik vandaag ben. Jullie hebben me geleerd altijd
in jezelf te geloven en overal het maximale uit te halen, en voor dat en nog veel meer
ben ik jullie eeuwig dankbaar. Mijn succes is jullie succes, en ik draag dit proefschrift
op aan jullie beiden met alle liefde en waardering. Ik hoop nog lang van jullie te
mogen genieten.

Lieve Kris, woorden schieten tekort om mijn dankbaarheid voor jouw onvoorwaardelijke
steun en liefde te uiten. |k ben ontzettend dankbaar voor de bijzondere momenten
die we hebben gedeeld en de herinneringen die we samen hebben gemaakt. Ik kijk
vol enthousiasme uit naar de toekomst en naar alle avonturen die nog voor ons liggen.
Ik hou van je.









Curriculum Vitae






Curriculum Vitae

CURRICULUM VITAE

Marinus Anthonie Wesdorp was born on July 5™ 1993
in Bergen op Zoom, The Netherlands, and was named
Tim by his parents. He graduated from the Regionale
Scholen Gemeenschap ‘t Rijks in Bergen op Zoom
with honors in 2011. That same year, he moved
to Rotterdam to study Medicine at the Erasmus
University Rotterdam. During multiple winter
seasons, he worked as a skiing instructor in Fiss,
Austria, which was his biggest passion. After that,
he completed a research internship at the dept. of
Orthopedics at the Erasmus MC University Medical
Center, which sparked his interest in fundamental
research. He finished his medical internships at the

department of Orthopedics of the Reinier de Graaf

hospital in Delft and the department of Trauma surgery in the Tygerberg Hospital in
Cape Town, South Africa. He started his PhD-project in May 2018 at the department
of Orthopaedics and Sports Medicine under the supervision of dr. Yvonne Bastiaansen-
Jenniskens, dr. Roberto Narcisi, Prof. dr. Jan Verhaar and Prof. dr. Gerjo van Osch.
During this period as PhD candidate, he spent a year in the mountains, combining
research at the AO Research Institute Davos with his passion for skiing and cycling,
under the supervision of dr. Andrea Schwab, dr. David Eglin and dr. Matteo D’Este. He
began his career in orthopedic surgery as a resident not in training at the Erasmus
MC University Medical Center in January 2022, under the supervision of dr. Koen Bos.
He was accepted into the orthopedic training program in the ROGO Rotterdam in
that same year. In March 2023, he started his training program at the department of
Surgery in the Franciscus Gasthuis & Vlietland hospital under the supervision of dr.
Marijn Poelman.
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